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ABSTRACT - : 

A prototype system has been implemented to demonstrate that CCD’s 
can he applied advantageously to the problem of low power digital storage 
and particularly to the problem of interfacing widely varying data rates. 
SK-hit CCD shift register memories were used to construct a feasibility 
model 128K-hit buffer memory system. Serial data that can have rates 
between 150 KHz and 4.0 MHz can be stored in 4K-bit, randomly-^aceessible 
memory blocks. Peak power dissipation during a data transfer is less than 
7 W. , while idle power is approximately 5.4 W. The system features 
automatic data input synchronization with the recirculating CCD memory 
block start address. This report provides descriptions both of the 
buffer memory system and a custom; tester that was used to exercise the 
memory. The testing procedures and. toting results are discussed. 

I 

Suggestions are provided for further development with regards to the ' . 
xitilization of advanced versions of CCD memory devices' to both simplified 
and expanded memory system applications. 
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A 128 K-BIl CCD BUBFER MEMORT SYSTEM 

By K. H. Siemens, R. Tf. Wallace, and C. R. Ro'fainson 
Bell-Horthem Research. 

SDMMASY 

A prototgrpe system, has been ii^p lamented to demonstrate that CCD Is, can be 
applied advantageously to the problem of low power digital storage and parti- 
cularly to the problem of interfacing widely varying data rates. i-Iass or ’’bulk" 
data storage is presently generally configured in serial form and usually 

* “rises magnetic media, namely disc or tape. Each of these place limitations 
in terms of access speed, data bandwidth capability, and power, these systems 
being electromechanical in operation. Magnetic bubble memory overcomes the 
latter objection but still presents bandwidth and access speed limitations. 
Therefore, any consideration of CCD’s as a memory medixim must take into 
account the total system objectives. It: is feasible to consider a hulk, memory 
consisting either totally of CCD memory or alternately consisting of a com- 
bination of two media, such as CCD and magnetic bubble, or CCD and RAM, to 
combine speed with low power as in the system herein described. The present 
study and prototype system is centered around relatively long term storage of 
sequentially arriving data, in fact a data recorder, 

CCD memories each containing 32 shift registers with a length of 256 
bits have been arranged to form 32 independently accessible memory blocks. 

Each memory block has the capacity to store 4096 serial input data bits on 
a fixst-in, first-out basis. The system is capable of handling both input 
and output data rates from less than 150 KHz to greater than 4 MHz. Any 
length of data input stream, from 1 bit to the full memory capacity of 128 
K-bits, can be stored during a transfer operation. Beak power dissipation 
during a data transfer at the maximum data, rate is less than 7W. Idle, power, 
is approximately 5.4 W. The memory system was thoroughly exercised with a 
custom memory tester to determine the operating characteristics. 



A coasidarable amoimt o£ logic has been included in this prototype unit 
to facilitate manual control. With further system optimization and computer 
control, it is expected that the idle power could be reduced to less than 2 
watts, with a corresponding decrease in peak power dissipation. The system 
capacity could be ejcpanded with relative ease either by increasing the 
numiber of memory bloclcs in a modular fashion or by providing for parallel data 
storage. The power dissipation does not increase proportionally to memory 
capacity since a major portion of the power is consumed in the peripheral 
logic which does not expand significantly with increased memory capacity. 

A discussion of alternative system architectures built around more advanced 
device configurations concludes this report. 


I. IHTEODUCTIOIT 


The 128 K-bit CCD buffer memory system that is described in this 

r 

report was developed at Bell-Northern Research to demonstrate the feasibility 
of using charge coupled digital memory devices in a system configuration 
suitable for buffering or storing data occupying a wide bandwidth. After 
an engineering design study was performed, a buffer memory system incorporating 
the Bell-Northem Research 8 K-bit CCD was fabricated as a feasibility model. 
The system is organized as 32 independently-accessible blocks, each having 
a capacity of 4096 (4K) bits. It has been demonstrated that the memory 
system can accept, store, and read out serial data streams of any length up to 
full memory capacity and with transfer rates from 150 KHz to 4,0: MHz. 

Although the memory is indeed a low power system, it still contains 
considerable circuitry that is included primarily to facilitate manual, control. 
Thus the system has not yet been fully optimized for low power operation since 
much of the circuitry could either be removed if computer control was available 
or replaced by CMOS logic in single gate or custom LSI form. However, peak 
system power at the maximum transfer rate is less than 7 watts, whereas idle 
power is close to 5,4 watts because of the particular circuit implementation 
used. 

The report discusses the controls, l/O signals, and the operational 
capabilities of the demonstration system. System specifications are provided. 

A detailed description of the memory system is followed by a description of 
the tester that was built to exercise the buffer memory. An outline of the 
tests that were performed and their results is given. System limitations 
and areas for improvement and further development of CCD systems are discussed. 
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II. SYSTEM CHARACTERISTICS 


2.0 Introduction 

This section is intended to provide a general understanding of 
the memory system and its operation. System specifications are given. 
Features of the internal memory structure, panel controls and indicators, 
and system? operation from an external point of view are provided. 

2.1 System Specifications 

■ The memory system meets the following specifications: 

a) Power supplies - 

= 5 VDC ± 5% @ 2 amps, 

= 10 VDC ± 2% @ 1 amp. 

V = “3 VDC ± 5% @ 50 mamps. 

JoB 

The current limits are those recommended for the power supplies. 
They do not refer to actual memory ''’system current drain. V^^^ 
and V^_ are nominal operating points recommended for low power 
operation. Further explanation of the operating range is made 
later. 

b) Power Consumption - 

Read/Write operation < 7 watts 
Idle operation < 5.5 watts 

c) Memory Capacity ~ 

Capacity = 128 K bits (K = 1024) 

Memory block size = 4 K bits 

No. of blocks = 32 (individually accessible) 

d) Clock Input - 

TTL compatible clock with frequency 150 KHz to 4-0 tlHz. 

Minimum clock pulse width = 35 nsec. 

2 . 
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e) Data Input ~ 

TTL compatible, non-retum-to-zero (NEZ) data synchronized with 
rising edge of clock input. Presence of valid data input is , 
determined by a LOW- true signal (Data Input Available) that is 
synchronized with the data. One channel for serial data input 
is provided. 

f) Data Output - 

TTL compatible, TffiZ data output is synchronized with the rising 
edge of the input clock. Valid data output is presented serially 
on one channel in synchronism with a LOW-true Data Output Available 
signal. Data is read-out on a first in-first out basis for each 
block. 

g) Access Frequency - 

Both WRITE and READ frequencies are determined by the input clock 
rate, 150 KHz to 4.0 MHz. 

h) Idle Frequency - 

Idle frequency is maintained at less than 20 KHz provided the 
input clock is maintained at frequencies between 150 KHz and 4.0 MHz 

i) Operating Temperature - 

The system may be operated at normal room, temperatures without 
special environmental controls . 

2.2 Memory Structure 

The memory system has the capacity to store 128K data bits in 32 
separate memory blocks of 4 K bits each. 8K CCD's developed at Bell- 
Northern Research are used as the storage medium. Complete specifications 
of CC8M03 CCD decoded memory chip are given in Appendix A. Appendix B 
contains a paper which provides further detail on the chip design and 
device characteristics. These devices contain 32 dynamic, recirculating 
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shift registers oid tracks, each of length 256. Since 4-way multiplexing 
of the serial input data streams was required to achieve high data transfer 
rates, the CCD's are arranged in 4 banks of 4 devices each. Hence, each 
bank of CCD's can store 8 memory blocks. 

During a data transfer, all 4 CCD's in the accessed bank are 
clocked at the access rate (i.e., h data rate), while the rest of the 
memory devices in the system operate at \ the access rate in order 
to maintain address synchronization at the end of each memory block 
transfer. Details of addressing and data location synchronization are 
provided in a later section. Random access to any memory block or ordered 
set cif blocks is permitted. 

2.3 Panel. Controls and Indicator s 

Before the memory system" operating modes are discussed, an outline 
of front and; back panel controls, l/O signals, and indicators is given. 
Reference may be made to Figure 2~1 which shows a photograph of the memory 
system front panel. It should be kept in mind that many of the controls 
are provided only to facilitate manual control of this prototype system. 
They are not required for a system under computer control. 

a) Power supplies — 

Three power supplies are required, V , and with nominal 

DD Jip 

voltages as given in the system specifications. In order to study 

system operating ranges and power consumption, the V„ and V 

DiJ MIS 

supplies may be varied safely within the f ollovxng limits : 


+8V„„ 



DC 

DD 

DC 

-7V 

< V < 

“1 

DC 

- BB " 

DC 


Power supply connections can be made either on the back panel or 
on the left side of the cabinet. A power supply switch and 3 
LED indicators to monitor each supply are provided on the 
front Panel. 
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b) Reset - 

A pushbutton reset control is provided to initialize logic in 
the memory system. This button should always be pressed after 
power turn-on and the input clock is running, 

c) Block selectors and block flags - 

32 sets of switches and LED indicators are provided to control 
access to the memory blocks. The switches and LED's are arranged 
to correspond to the 8 memory blocks in each of the 4 banks of 
CCD's. The switches are used to select a memory block for a 
data transfer and the LED' s indicate the status of the block- 
in-use flags; where ON indicates block-in-use, and OFF indicates 
a block available for storage. 

d) Manual/Auto Select - 

This toggle switch is used to enable the block selector switches 
when in manual mode. Only those blocks selected by the block 
selector switches will be written into or read. In auto mode 
the block selector switches a a over-ridden and all empty blocks 
are available to accept input data in WRITE mode; all blocks 
containing data are read in READ mode. 

e) RE^/WRITE Select - 

The system is normally set up to accept input data at any time, 
i.e. , continuous WRITE mode. The READ/WRITE select pushbutton 
is pressed to start a memory READ operation. 

f) NDRO/DRO Select - 

Two types of readout operations are permitted. Non-destructive 
readout (NDRO) permits a memory block to he accessed without 
disturbing either the data contained in the memory or the 
status of its corresponding block-in-use flag. Destructive 
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readout (DRO) causes the bloch-in-use flag to he reset after a 
READ transfer request, thereby making the block available to 
accept new data. Data within the CCD normally recirculates 
on each track and is destroyed only by overwriting or stopping 
the transfer clocks for a period greater than the maximum refresh 
interval. 

g) Clear Selected Blocks - 

Pressing this button clears all block-in-use flags of those blocks 
selected by the block selector switches, 
li) System Busy Indicator - 

An LED is on for the duration of a WRITE or READ transfer operation. 

i) Memory Overflow Indicator - 

An LED indicates the availability of blocks to accept new data. 

The indicator will be on during idle or WRITE mode either when 
all blocks are used in AUTO mode, or all selected blocks are 
used in MANUAL mode. The LED will be off during a READ transfer. 

j) I/O Connectors - 

Pive standard BNC connectors are provided on the , front panel for 
Input/output signal connections. All I/O signals are TTL compatible. 
An input clock is used to drive the memory system. The clock 
must be available at all times within a frequency range of 150 
KHz to 4.0 MHz. Input data should be NRZ and synchronized with 
the input clock. Availability of valid data is to be indicated 
by a LOW- true signal, also synchronized with the input clock. 

Output data and a data output available signal are provided with 
the same specifications. 

k) BA Connector Socket - 

This rear-panel socket is used to provide the block address signals 
both of the next block to be accessed and the block currently 
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being accessed. The signals may be used for testing, monitoring, 
or control. 

l) VAS Connector Socket - 

Similar to the BA socket, *various timing signals (to be described 
later) are liade available. 

m) TPA Connector •* 

This edge connector, mounted on the rear panel, is used to 
facilitate access to a number of test points within the system. 
Schematics for all front and back panel connectors, controls, 
and indicators are shown on sheet 16 of Appendix C. 

2.4 System Operation 

The system operation involves 4 main phases , 

(1) start-up procedure, 

(2) WRITE operation, 

(3) system idle, 
and (4) READ operation. 

(1) Starc-up of the system Involves presetting the power supplies 

V and V . A single power-on switch activates all the 

DD CC BB 

supplies. A TTL- level clock with frequency la the range 150 KHz 
to 4.0 MHz is to be provided. The reset switch must be pressed 
to initialize the system logic. 

(2) The memory system can accept for storage in a WRITE operation 
any serial data stream that is synchronized with the input, clock. 
Valid data is recognized by the presence of a second, coincident, 
LOW- true signal at the system "data input available" connector. 
Since data is synchronized with the input clock, data rates from 
150 KHz to 4.0 MHz can be accepted. Data burst lengths from 1 
hit to the amount of available memory locations can be stored. 
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Before a WRITE operation begins, tnemory storage locations 
should be selected. In AUTO mode, all empty memory blocks are 
available, with the first portion of the data stream - up to 
4K data bits being stored in the first available block. If 
the data burst length exceeds 4K bits, memory locations in the 
next empty block are used. Thus, all empty blocks comprise an 
ordered set of available memory locations. If less than a 
block length of data is written, the remainder of the accessed 
block is filled with non-valid data. The WRITE sequence ends 
automatically at the end of a block transfer when no further input 
data is available. Every data transfer thus encompasses an 
Integral number of memory blocks . 

In MANUAL mode, only the ordered set of empty blocks within 
the set of selected blocks can be used to store data. In either 
AUTO or MANUAL mode, blocks that already contain valid data are 
skipped in the selection process. Tliere is no restriction on the 
number of blocks, that can be selected. 

The WRITE sequence begins automatically whenever the "data 
input available" signal is presented - provided the "system busy" 
monitor is not asserted. In the latter case, if the system was 
in READ mode, the WRITE sequence is delayed until the READ operation 
is complete. Input data till that time will be lost. Once the 
"data input available" signal is interrupted, it should not be 
reasserted until the system busy signal is r^set. Storage of each 
burst of input data begins in the first storage location of the 
next available memory block. 
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(3) Ehiring a data transfer, the CCD clocks to the accessed 

bank operate at h; the data rate. Retention of data recirculating 
in the dynamic CCD shift registers in the idle mode is performed 
by reducing the CCD clock rate to less than 20 KHz. 

(4) Data is recovered from the memory by a READ operation, 
which can be performed destructively or non-destructively. Data 

in memory blocks that are read non-destructively (NDRO) is maintained 
and is available fox further read-out. Memory blocks that are 
read destructively (DRO) have their block flags cleared so that 
access is permitted for a T^RITE operation. 

The READ sequence is initiated hy selecting tIDRO or DRO, 
selecting AUTO or MANUAL mode, selecting an ordered set of blocks 
to be read if in MANUAL mode, and then pressing the READ/WRITE 
pushbutton. The memory system reads-out in order all selected 
blocks whose flag have been set, thereby indicatdng that they 
contain data. If the READ mode is requested during a WRITE 
operation, the READ sequence automatically follows the end 
of the WRITE sequence. Data output is made available at the 
front panel BNC connector, is synchronized with the input clock, 
and is coincident with a LOW-true data output available signal. 

Data can be read at all specified clock frequencies, i.e, 150 KHz 
to 4.0 MHz. 

All of the operating procedures are controlled manually on the 
feasibility model. The manual controls could be replaced by computer 
commands, and generally with considerable reduction in circuit complexity 
in the demonstration unit. A more detailed description of the system 
circuitry is presented in the following chapter. 


III. EETAILED SYSTEM DESCRIPTION 


3. 0 Introduction 

An evaluation of the feasibility of the -memory system requires more 
detailed knowledge than simply that of the operating procedures and 
system specif icati.bns, A general description of the internal operation 
of the memory is given in this chapter along with an analysis of each 
block which comprises the system. Timing Information is included wherever 
necessary for better understanding of system performance and operating 
limitations. A discussion of the logic device families that were used 
is related to theoretical and measured system power consumption. 

3.1 System Description 

In essence, the memory system takes a serial input data stream, routes 
the data to the first available memory block, and stores the data in 
successive memory locations. 32 blocks, each with a capacity of 4 K bits 
are available for data storage. Then upon command, the data in any memory 
block can be read on a first-in first-out basis and presented in serial 
fashion to the memory, system data output terminal. 

Complications to this basic design arise from the dynamic nature of 
the storage medium, recirculating CCD shift registers. An 8-bit counter, 
external to the CCD’s, provides a virtual address (VA) for each storage 
location on the CCD shift registers, or tracks. The VA is incremented 
with each CCD transfer clock cycle, which rs maintained at an idle rate 
for data refresh while the system is not being accessed. Data storage 
must always begin at the start address of any memory block. This start 
address is determined arbitrarily by the ZERO state of the virtual address 
counter, i.e. , VA = 0. Since input data may arrive at any time, it is 
unlikely that the start of the incoming data stream will coincide with the 
memory block start address. The random start time of input data relative 
to VA = 0 necessitates the use of a pre-buffer that temporarily stores 
incoming data until it can be written into the CCD’s after the memory 
block start address has been reached. The input pre— buffer is shown in 
relation to the other blocks in the system block diagram in Figure 3-1. 

Further complications to the design of the pre-buffer and the CCD 
array are caused by the need to handle data rates in excess of the 
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capability of individual CCD's. Since the 8K CCD is specified to operate 
at rates up to 1 MHz, 4-way data Tnultiplexing was used to achieve data 
transfer rates up to 4 MHz. A serial-to~parallel data converter in the 
pre-buffer is used to route input data along 4 parallel paths to the 
CCD’s. The CCD’s are arranged in a 4 by 4 array to accommodate the 
parallel data inputs. Each bank of 4 memory devices is used to store 
ff memory blocks. 'When the memory is being accessed, 4 bits of data - 
it for each device in a bank - are transferred simultaneously with every 
CCD clocking cycle. 

The block selector logic plays a key role in the data routing process. 

In a WRITE operation, only empty blocks may be accessed; in a READ mode, 
only blocks containing data may be accessed. The selector examines the 
status of the block-in-use flags and the set of selected blocks to deter- 
mine the first memory block that can be accessed. The signal representing 
the selected block is decoded as a 7-bit address which is latched into an 
address register at the beginning of a block transfer. While the transfer 
is taking place, the block selector searches for the next block to be 
accessed. 

After a readout request has been made, the memory waits until the 
start address of the first memory block to be read is reached, and then 
it transfers 4 data bits at a time to a parallsl-to-serlal converter. 

In this way, the output is presented as a first-in first-out serial data 
stream. 

Each of the portions of the memory system that have been mentioned 
and the blocks representing the sequence controls, timing chain, and 
CCD clock controls as shown in Figure 3-1 are described in greater 
detail in the following sections. 

3.2 Input Pre-Buffer 

The input pre-buffer performs 2 basic functions. It performs a de- 
multiplexing operation to convert the serial input data stream into 4 
parallel paths. The pre-buffer also acts as an adaptable, variable-length 
shift register to synchronize the input data stream with the recirculating 
CCD memory storage locations. The schematic diagrams of the pre-buffer nre 
shown on sheets 1 and 2 of Appendix C. 






The input demultiplexing circuit consists simply of a serial- input, 
parallel-output shift register that is clocked hy the input clock. A 
multiplexer is used to select either the 4 hits in the shift register or the 
direct input hit and the first 3 hits in the shift register. The selection, of 
either of these sets of input data is governed by pre-buffer synchronization 
logic, to be discussed later. Each set of 4 input bits is stored in successive 
locations in 4 parallel RAM's, each with a capacity of 256 bits. The RAM's 
which were used were static, low-power, SOS CMOS RAM's from Inselek (INS 4200). 
Specifications for the INS 4200 RAM are given in Appendix D. RAM address and 
READ/WRITE controls comprise the remainder of the pre-buffer. 

Since 4-way data multiplexing is used, a CCD timing clock is generated 
with every 4 input clock pulses. The start of an input data transfer initiates 
a data available control signal (DAC 1), which may be asserted at any input 
clock period within a CCD clocking Inverval (h clock rate). These times are 
indicated at A, B, C, or D in the timing diagram of Figure 3-2, The system 
now waits until the first 4 data bits arrive before storing them into address 
0 of the 4 parallel RAM's. The start point of DAC 1 fixes the position of the 
RAM data input strobe (RAM WE pulse) within a hi clock rate cycle so that 
successive 4-bit sets of data can be stored. 

It may be noted in Figure 3-2 that the RAM WE pulse can occur in only 3 
of the possible 4 timing intervals within a k; clock rate interval. The fourth 
position is reserved for a RAM read-out cycle immediately prior to the start 
of the next CCD clocking cycle (initiated by the ^ clock rate pulse). Thus, 
when DAC 1 starts in positions A, B,, or C, the data input strobe always begins 
4 input clock cycles later. The last 4 bits in the demultipli'Xer shift register 
are stored in the RAM with each RAM WE pulse. If, however, the data input stream 
begins at position D, the input data is strobed into the RAM's during the same 
interval as if the data had begun arriving at position C. In this case, the 
4-blt sets of data that are stored are taken from the input data directly and. 
the first 3 bits in the data demultiplexer. 

In the system idle state, the RAM address is held at 0. After the first 
set of 4 input bits are stored, the RAM address Is incremented at the beginning 
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of the fourth input clock within a \ clock rate period, as shown by the 
titling diagram for the RAM address clock in Figure 3-2. Each set of 4 input 
bits is stored in successive RAM address locations until the start address 
(VA = 0) of a CCD memory block is reached. The first set of input hits is 
then read from the RAM at address 0 and presented to the CCD's for a storage 
(WRITE) operation. The next 4-bit set of input data overwrites the data 
previously held in RAM address 0. The RAM address increments and the READ/ 

WRITE cycle repeats until the last RAM address that was reached before the CCD 
start address arrived. The RAM address goes back to 0 and the entire process 
repeats until a complete memory block or set of blocks has been transferred. 

In this way, the RAM pre-buffer acts as a multiplexed, variable- length shift 
register. An example of the pre-buffer WRITE/READ sequence, RAM address, and 
CCD virtual address is shown in Figure 3-3. 

3.3 Timing Chain and Clock Controls 

Figure 3-4 illustrates the clocking waveforms 0 , 0 , and 0„and the timing 

L L J 

for other related waveforms used in the CCD operation. The waveforms illustrate 
a CCD READ followed by a WRITE operation. 

The CCD timing chain trigger (T.C. Trigger) which initiates the transfer 
clocking cycle is generated from the H clock rate signal. Each cycle begins 
by resetting the 0^ clock and latching new valnes of chip enable (CE) and 
track address. Timing specifications fox the T.C. trigger - which determines 
the 0^ set-up time - and the 0^, and 0^ clocks are given in Appendix A. 

The CCD virtual address of the next clocking cycle is changed at the beginning 
of the 0^ clock. The virtual address is out of step with the track address 
since it has no direct control of the CCD's and it is used in some of the 
control logic which must he set up before the end of the 0^ clock. 

In a READ cycle, the data output becomes valid shortly after the rise of 
0^ and is normally held until the start of the next 0^. If data is to be stored 
in the CCD, the CE and track address are asserted during the first CCD clocking 
cycle and the WRITE and data input are presented to the CCD's at the beginning 
of the next cycle (as shown in Figure 3-4). This feature of the CCD write 
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operation allows time for the RAM pre-buffer to detect the 4iart address 
(VA = 0} of a GCD memory block, READ the first set of 4 bits, from the RAM's, 
present the data to the CCD's, and then store the data into the 0 address. 
Thereafter, each set of data will be stored in the proper, successive CCD 
storage locations. 

Controls are designed for the CCD clocking to operate in 3 modes;, idle, 
transfer set-up., and data transfer mode. When the system is in the idle 
state, that is not undergoing a data transfer, the CCD’s should be clocked 
at rates between 10 KHz and 20 KHz to keep data refreshed and to minimize 
power consumption. Clock pulses from the \ clock rate signal are gated by an 
idle rate control oscillator to form CCD T.C. trigger pulses at an average 
rate of less than 20 KHz. Figure 3-5 illustrates the timing involved in 
generating the idle rate trigger. The duration between T.C. trigger pulses 
could be either t^ or t^ (see Figure 3-5) , depending on the phase relationship 
between the idle control oscillator and the H clock rate. The idle control 
has been adjusted so that t^ * 56 usee, and t^ = S3 psec. when the input clock 
rate is 150 KHz. These times correspond to maximum and mimumum idle rates of 
18 KHz and 12 KHz, respectively. As the input clock increases to 4 MHz the 
difference between t^ and becomes negligible. The idle rate then becomes 
approximately 15 KHz. 

When a request for data transfer is initiated, the idle mode control 
of the H clock rate is immediately overridden. All h clock rate pulses 
pass through the idle control gating to form T.C. trigger pulses. Since 
input clock rates may vary from 150 KHz to 4.0 MHz, the CCD clocking 
rates may range from 37.5 KHz to 1.0 MHz, respectively. ; In order to 
reduce system power during a transfer operation, only the accessed memory 
bank operates at the above transfer rates. All memory banks are clocked 
at the same rate during the idle mode and after -.a request for data transfer 
has been made, until the start address for a transfer has been reached 
(transfer set-up mode). Then the clocking rate of all non-accessed banks 
is reduced to a quarter of the clocking rate of the accessed hanks. Thus, 
non-accessed memory hanks operate at 9.375 KHz to 250 KHz rates during 
a data transfer. The CCD clocking rates and the address sequences for 
all modes of operation are illustrated in Fig. 3-6. 
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The length of a memory hlock is 4096 bits , whereas a CCD track contains 
256 bits. Therefore, by clocking a non-accessed memory bank at h the access 
rate, non-accessed tracks recirculate 4 times during a memory block transfer. 
The virtual address of tracks in both accessed and non-accessed memory 
blocks are again synchronized at the end of a data transfer. This is 
illustrated in Fig. 3-6. The dual address labelling (eg. 4094/254) towards 
the end of the transfer denotes the number of CCD transfers and the virtual 
address of a CCD track. 

3.4 CCD Memory Board 

All of the CCD storage devices are located on one board, together 
with all clock, address, chip enable, and R/W drivers. The schematic 
for the 4 by 4 array of 8K CCD*s is shown on sheet 4 of Appendix C. 

A photograph of the CCD memory board is shown in Fig, 3-7, The board 
has 4 parallel data inputs, with corresponding data outputs. Data out- 
puts, which are TTL compatible, are complementary outputs. 

Since the clock lines to the CCD’s represent high capacitive loads, 
high power TTL-to-MOS drivers (MH0026) are used to drive the 0^, 0^» 

0^ clock inputs. Each of the 0^ and 02 drivers operate 2 CCD's. The 
0^ driver operates 4 devices . Rise and fall time degradations limit 
the system performance if the drivers are loaded with more devices. 
Specifications for the HH0026 drivers are provided in Appendix E. 

3.5 Block Selector and Flags 

Versatility of memory block access is provided by an iterative array 
of block selector cells and block flags. Schematic diagrams for this 
portion of the system are given on sheets 7 to 14 of Appendix C. 

A block flag is set whenever the memory block associated with it 
contains valid data. It can he reset by a manual command or by a des- 
tructive readout operation. 

Each cell of the block selector logic examines signals that indicate 
if a memory block has been selected for a possible transfer operation, 
the current status of its associated block flag, and whether or not all 
lower order memory blocks are available for data transfer. During a 
WRITE operation, if the block has been selected for a transfer. If the 
block flag is hot set, and if no lower order blocks are available, then the 
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block selector cell asserts its ’’block selected" signal. Only 1 out of 
the 32 selector signals can be asserted at any time. When the data 
transfer to the selected block begins, the block flag is set. This action 
inhibits the block selector signal and sets up an enable signal to the 
next, higher order block selector cell. 

During a destructive readout operation, the complement of the block 
flag is sent to the block selector circuitry so that only meinory blocks 
that contain valid data can be read. As each block is selected for a 
READ operation, the block flag is reset. 

Since the flag must not be reset during a non-destructive READ 
operation, an auxiliary flag is used for the block selector control. 

The auxiliary flag is set at the beginning of the block transfer and 
is used to indicate to the block selector that the block has been read. 

If the auxiliary flag were not used, there would be no change in the 
block flag or block selector signals so that the system would re- 
peatedly read the same block. All auxiliary block flags are reset 
at the end of a system READ operation. 

At the end of a READ operation, when all flagged blocks from a selected 
set of blocks have been read, a selector overflow signal is asserted to 
indicate the end of the READ cycle. The overflow signal is asserted 
during a WRITE operation only when no blocks are available to store 
more input data. 

3. 6 Address and Chip Enable Decoder 

The block selector prepares for a data transfer by selecting the 
next block to be accessed. It asserts 1 out of 32 block select lines. 

The address and chip enable decoder, shown on sheet 6 of Appendix G, 
decodes the block select lines -to form a 3-bit CCD address and a 4-bit 
chip enable coder. The chip enable code selects 1 out of 4 CCD banks 
for access. The 3-bit CCD address is a binary code which determines the 
memory block within a CCD bank that is to be accessed. This 3-bit code 
addresses the most significant bits of the 5-bit CCD track address. 

The decoded block select addresses are latched in.to a register and 
presented to the CCD memory board only at the beginning of each memory 
block transfer. 
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The remaining 2 bits of the CCD track address are nsed to sequence 
through the 4 tracks on each CCD which comprise a single memory block. 

The 2 bits> and A^, are determined by the output of a Gray code counter 
which is indexed each time the VA = 0 signal is asserted after the be- 
ginning of a block transfer. Since the A^ and A^ signals are also used 
for sequence controls, a Gray code count is used to avoid hazard conditions, 

3 . 7 Data Output Buffer 

The data output buffer, shown at the bottom of sheet 5 In Appendix 
C, is used to convert the 4-bit parallel CCD output into a serial data 
output stream. Approximately 150 nsec, after the rise of a 0^ signal, 
the CCD data outputs are latched into a 4-bit buffer. The output of this 
buffer is transferred to another 4-bit register at the beginning of the 
next CCD transfer cycle. Timing diagrams related to the output buffer 
circuit are shown in Fig. 3-8. After the 4 parallel bits have been 

I 

latched into the second buffer, each of the data bits in this register 
is selected in turn by a multiplexer (MUX) whose output is sent to a 
single bit register. The output of the single bit register, which is 
clocked by the input clock, provides the first-in, first-out, serial 
data output stream. For the duration of a valid data output, a L0T>J-true 
data output available signal is asserted. 

3. 8 Sequence Controls 

A number of signals are generated to control the sequence of operations 
within the system. The principle control signals are the READ /WRITE, the 
data ctvailable controls (DAC) , transfer request, system busy, and memory 
overflow. The circuits to generate these signals are shown on sheet 5 
of Appendix C. 

The system is normally prepared for a T7RITE operation; that is, in 
the idle state, the WRITE signal is asserted. However, no CCD operation 
takes place since the chip enable lines are inhibited. If a READ operation 
is requested, the READ request is latched and held until all available 
memory blocks that have been selected are read once. If a READ request 
is made during a WRITE operation, the system waits until the end of the 
data input transfer before it proceeds with a data output transfer. 
Similarily , a T-JRITE request is blocked until the end of a READ operation. 
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Since a data input burst length may not coincide with a CCD memory 
block length, DAC (data available control) signals are set up to ensure 
that the system operation continues until the end of a CCD memory block 
is reached. Whereas the DAC signal is asserted from the beginning of 
a request till the end of a data transfer, the transfer request signal 
is used to control a number of system operations that take place only 
during the actual data transfer. The system busy signal is used both 
as a monitor and to block a READ request during a WRITE operation or 
to block a WRITE request during a READ operation. The memory overflow 
signal is also used as a system monitor, and as a control to signal 
he end of a READ operation or the lack of available memory blocks during 
a TSlTE operation. 

3.9 Power Consumption 

Several device families are used in the system implementation; 

TTL, low-power Schottky TTL, CMOS, CCD's, and TTL-to-MOS drivers. Since 
CMOS logic and MOS drivers with a high capacitive load are used in the 
system, the power dissipation varies with input clock frequency. System 
idle powfi-"r is approximately 5.4 W, whereas peak operating power is 
approximately 7 W. These values result in a power consumption/bit of 
41 pW and 53 pW during idle and maximum rate transfer operations, res- 
pectively, Estimated power consumptions for each device family are 
listed in Table 3-1. Measured power dissipation curves for a number 
operating modes and over the operating range of frequencies are shown 
in Fig. 3-9. 

Device Family Power Estimate During Idle (W) Power Estimate During 

4MHz Data Transfer (W) 


TTL 

1.01 

1.01 

LS TTL' 

1.73 

1.73 

CMOS 

negligible 

.14 

8K CCD’s 

.39 

.39 

MOS Drivers 

1.94 

3.79 

Total Estimated Power 

5.07 W 

7.06 W 

Total Measured Power 

5.39 W 

6.95 W 

Actual system power /bit 

41 pW 

53 pW 

Table 

3-1 System Power Dissipation 



System Power Dissipation (W) 
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The system power dissipation has not yet heen optimized. Some of 
the logic that is presently implemented with TTL logic could be replaced 
with CMOS logic. Additional control of the CCD clock drivers could he 
introduced to reduce DC power consumption of the drivers during the idle 
mode. It is expected that the system idle power could be reduced to less 
than 4 watts with a corresponding decrease in the operating power. If 
the system were redesigned to operate under computer control, the idle 
power dissipation should fall to less than 2 watts. Any stand-alone 
system configured as described would lend itself to the extensive use of 
custom LSI CMOS which would permit significant reduction in power and 
space. The repetitious nature of many of the modules particularly 
suggests such an approach. 


IV. MEMORY SYSTEM EXERCISER 


4.0 Iiitroductlou 

Due to the complexity and versatility of the memory system it was 
necessary to design and construct a custom exerciser to adequately test 
the system. The exerciser would have to perform pattern sensitivity and 
memory integrity tests as well as standard operational and margin tests. 
Consequently the tester has been designed to generate and xsnrite a number 
of data patterns into the memory under test (MUT) , varying from a simple 
repeating pattern to a complex pseudo-random data pattern. Provision 
has also been made to replace 7 bits of any data pattern at specified 
intervals with an address code to test for memory integrity. In WRITE 
mode the exerciser can be set up to wait for specific states within the MOT 
prior to writing data. This ensures testing for correct operation of the 
memory in a variety of start-up conditions . In READ mode the exerciser 
operates slaved to the MUT to analyze the serial data output stream of thd 
memory. Errors in the data stream are detected, counted, and the total ; 
is displayed on the front panel. The exerciser performs a test of a 
specific length once for every request. 

Limits of the MOT can he tested hy varying the operating frequency of 
the exerciser, thereby varying the tester data rate. To Increase flex- 
ibility of the test, not only the data pattern but the length of that 
pattern is variable. This allows sections of the memory to be tested 
individually, as well as allowing for various sizd liismory systems. 

To ensure that testing is reliable and repeatable the specifications 
of the exerciser must exceed those of the memory to be tested. The primary 
tester limitation, speed, is at least double that required for the CCD 
memory system under consideration here. 

In this chapter the specifications or the tester will he put forth 
and the operating procedure will he explained 

4.1 System Specifications 
a) Clock Output: 

Repetition rate: 9.6 MHz max. ' 

Pulse width: 35 nsec. min. 

Level: 2.0 < high <4.7 V; low <0.4 V 

Drive capability: <20 mA @ 4.7 V 
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Source: Internal - Crystal-controlled 

- rate divisible in binary steps 
External - Continuously variable 

b) Data Output: 

Data type; Non-return-to-zero (NEE) 

Level: 2.0 V < high < 4-7 V; low < 0.4 V 



Drive Capability: 

<20mA @ 4.7 V 



Pattern length: 

2l 

2 bits max. 




3 

2 bits min. 


c) 

Data Input : 




Threshold : 

TTL compatible 



Valid: 

Rising edge of 

clock 


Loading : 

One TTL load 


d) 

External Clock Input: 




Repetition Rate; 

9.6 NIIz max. 



Pulse width; 

35 nsec. min. 



Threshold; 

TTL compatible 



Loading: 

One TTL load 


e) 

External Data Source: 




Threshold : 

TTL compatible 



Valid : 

Rising edge of 

clock 


Loading: 

One TTL load 


f) 

Data Output Available: 




Type of signal: 

Low true 



Drive capability : 

compatible 


g) 

Data Input Available: 




Type of signal: 

Low true 



Loading : 

Five TTL loads 


h) 

General : 




Power ; 

+5 VDC ± 5% 0 ; 

3 Amps 


Operating environment: 25°C ± 5°C 

4.2 Front Panel Controls and Functions 

This section will list controls on the front panel and outline their 
functions. Refer to the photograph in Figure 4.1 and page 5 of Appendix F 
for the wiring diagram of the front panel. 
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a) Switches : 

1. Power (SPDT toggle switch) 

~ Switches to the circuit hoards and front panel. 

\ 2. Reset (momentary-contact pushbutton) 

- Initializes the test system prior to any test. The tester 
is held in its quiescent state until the Start Test button 
is depressed. 

3. Start Test (momentary-contact pushbutton) 

- In WRITE mode the activation of this button signals the 
exerciser to begin sending data to the MUT. In READ mode 
it primes the exerciser to receive data from the MIT. 

4. WRITE/EEAD (SPST toggle switch) 

- Determines the mode of operation of the tester. In WRITE 
mode the: Data Output Available signal is asserted signifying 
that valid data is being presented to the memory. In READ . 
mode when the Data Input Available signal is asserted, data 
presented to the tester is analyzed and the errors counted. 

5. VA = 0/VA="0 (SPDT toggle switch) 

- Engaged in WRITE mode only, it determines where data output 
starts. In VA = 0 mode data output consistently starts in 
the same place relative to the memory system virtual zero 
address whereas in VA = 0 mode the start is random, related 
only to when the Start Test button is pushed. 

6. Start Phase (4 position 2 pole rotary switch) 

- Dsed in WRITE mode only, it designates in which phase the 
data output pattern of the exerciser starts. It can he used 
in conjunction with the VA = 0 circuit for precise data start 
location. 

7. Clock Divider Exponent (dual BCD thumbwheel switch) 

- Determines the frequency of operation of the exerciser in 

internal mode and the Clock Out to the MDT using the formula 
6 

^9. 60 X 10 y where 0 < n < 17. (Caution: the Clock 

2“ “ - 

Output maybe interrupted during switching) , 
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8. Clock Select (SPDT toggle switch) 

- Determines which clock is chosen, the internally generated, 
crystal-controlled, logically- divided clock or an external 
clock which is brought in from a front panel connector. 

9. Data Source (7-position, 2-pole rotary switch) 

- Selects which of 7 sources of data will be used to supply 
data to the MDT. These sources include a pseudo-random 
generator, a bank of 16 switches on the front panel, 4 banks 
Of 16 switches (labelled INT 1, INT 2, INT 3, INT 4) internal 
to the memory exerciser, and an external data source supplied 
from a connector on the front panel. 

10. Data Pattern Selection (16 SPDT toggle switches) 

- These switches determine the pattern of a 16-bit test word. 

This pattern can be repeated to form the data output of the 
exerciser . 

11. MUX Pactor Select (4-position,. 2-pole rotary switch) 

- Each data bit can be held for 1, 2, or 4 clock periods as 
determined by this switch. In this way the parallel paths 
in a multiplexed memory system can be tested with the same 
data pattern simultaneously. 

12. Data Patterns Repeats Exponent (16-position binary-coded thumb- 
wheel switch) 

- This switch is a prime factor in determining the length of 
the data pattern. The length of the data pattern is determined 
using the formula (2^ X MDX Select X 16) bits where data pattern 
repeats exponent is n and 0 < n < 15 for all data patterns except 
psaltdo-random. Because of the structure of the pseudo-random 
generator the data pattern length is determined by halving 

the above formula. The pseudo— random pattern depends on the 
length selected. 

13. Insert Block Address (SPDT toggle switch) 

- Allows for the replacement of data with a unique 7-bit code 
at the beginnlp-g of every memory block. Eor this CCD memory 
system the code consists of 4 bits to indicate the accessed 
CCD bank and a 3-bit binary code to represent which of the 8 
blocks in that bank is selected. 
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14. Block Size (8-position, 2-pole rotary switch) 

“ This switch is set to the number of storage locations in 
each memory block, from 256 to 32 K. This determines the number 
of clock intervals between block address code insertions into 
the data stream. 

15. Data/Data (SPST toggle switch) 

- Permits the exerciser data output to be complemented. 

16. Background (SPST toggle switch) 

- Determines the output data logic level which follows the 
completion of the data pattern. 

b) Potentiometers: 

1. Clock Pulse Width (50 Kfl) 

- Is used in conjunction with a monostable multivibrator for 
control of variable pulse width of clock out (35 ns to 400 ns) . 

2. Output Clock Amplitude (10 KS2) 

- Used as part of a diode clamp circuit, it allows a variable 
high level of the Clock Out from 2 volts to 4.7 volts. 

3. Output Data Amplitude (10 K£2) 

- Similar to the output clock amplitude, a diode clamp network 
allows a variable high level from 2 volts to 4. 7 volts . 

f 

c) Lamps : 

1. Power (LED) 

- Indicates, when ON, that power is being delivered to the 
circuit boards and front panel. 

2. End of Test (LED) 

- When ON, indicates that a test sequence, either EEAD or WRITE, 
has been completed and the exerciser is in its quiescent state. 

3. Pass (LED) 

— In WRITE mode this light should come on with the End of Test 
light. In READ mode it indicates that the MUT has successfully 
stored and reproduced the data originally written into it. 

4. Pail (LED) 

- In WRITE mode this lamp should not light; if it does there 
is a fault in the memory exerciser. In READ mode, when lit, 
it indicates that the MET contains one or more bits in error, 

5. Error Count (DL-707 Seven Segment LEDs) 

- In MITE mode it should always contain a single zero; any 
other condition indicates a fault in the exerciser. In READ 
mode it indicates the number of bits read from the memory 


36 . 


system which differ from the data originally written. 

Although the display employs reverse ripple blanking, at 
least one digit, the least significant, should be visible 
at all times, 

6. Data Pattern Selection (16 LEDS) 

- Displays the 16-bit pattern selected on any one of the 
switch registers, internal or front panel, ON indicating 
a high. In external or pseudo-random data source modes 
the display should not be lit. 

d) Connectors : 

1. External Clock Input 

- This connector allows an external clock generator to 
operate the exerciser and memory system. This permits the 
variation of clock frequency and pulse width In a continuous 
scale. 

2. External Data Source 

- It permits the usage of data from a source other than the 
exerciser, 

3. Clock Output 

- The clock in the memory exerciser is provided for use as 
the input clock of the memory system under test. 

4. Data Input Available - 

- Is used to signal the exerciser that the memory system is 
sending valid data on the data input line. In READ mode this 
starts the generation of data for a comparison with that data 
being received. In WRITE mode this signal line is ignored. 

5 . Data In 

- Data sent by the MDT is received at this connector. 

6 . Data Out 

} 

“ The exerciser uses this connector to send data to the MUT, 

7. Data Output Available 

- This signal when low Informs the MOT that the data at the 
Data Out connector is valid. 

4.3 Back Panel Controls and Eunctlons 
a) Power 

- Banana connectors labelled +5 and GND- designate and input 
to the memory exerciser. 


37 . 


b) Block Address 

- This connector accepts Information which is inserted 
into the data pattern to enable memory integrity tests to 
be performed. The information required for this operation 

is 7 signals representing a memory address code. The address 
codes for both the present block which is accessed and the next 
block to be accessed are required. 

c) Virtual Address 

- This connector accepts information to determine the start 
of the data stream relative to the zero address of the memory 
device. The signals required for this function are one 
defining the position of the zero address of the memory 

(VA =0), two to determine the position (phase) in the 4-bit 
multiplexed data stream (GRO and GRl) , and one to define 
the start of the multiplexed memory clocking cycle (Timing 
Chain Trigger) . 

Although the data starts at virtual address zero when the switch is 
in the VA = 0 position the start position can be moved to any address. 

0?his is agcisaplished through manipulation of an 8-switch SP&T- DIP package 
on tile VA Borad, which controls the load terminals of a counter. A 
binary count is set on this switch with the LSB on switch number 8. A 
bltsary ONE is set with the switch in the ON position. The present setting 
with':a count of 15 corresponds to a start at memory virtual address 0. 

If X is the binary switch setting, then the corresponding virtual address 
at the data start will be (241 + X) mod 256. 

When memory systems other than the CCD memory buffer are to be tested, 
or when. 'it is desired to disengage the. VA = 0 and Start Phase circuitry, - ^ 
a program socket must he changed; This Board device Al, 

should be inserted with its pin 1 mated with pin 1 of the circuit board 
sbcket to disengage the start address and phase logic. The data output 
will then start at a random address and phase. The program socket" is 
reversed to engage the address and phase logic. 

4 . 4 Exerciser Operating Procedures 

References to the basic block diagram. Figure 4.2 will be made in 
explaining the exerciser operating procedures, detailed schematics of the 
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system are provided in Appendix F. This section will cover the procedures 
for both WRITE and READ modes of the exerciser. 

4.4.1 Start-up Procedures 

These procedures are standard and must be followed prior to testing 
any memory system. Power must be applied to the connector on the back 
panel. Inter conp.ections between the memory exerciser and the memory system 
should be made via the BWC connectors on the front panel and the amphenol 
connectors on the back panel. If an external clock or data source is 
to be used they should be connected to the front panel BNC connectors. 

At this point the power switch can. be turned on and the frequency and 
pulse width of the clock should be adjusted. The frequency of the internal 
clock can be selected in binary submultiples of the 9.60 MHz frequency 
standard by using the Clock Divider Exponent switch. The clock pulse 
width can be adjusted using the potentiometer on the front panel. If 
an external clock is selected the frequency and pulse width of the Clock 
Out are those of the external pulse generator. Regardless of which 
clock source is selected the amplitude is controlled by a potentiometer 
on the front panel. The WRITE/READ switch should be placed in the TJRITE 
position in preparation for a WRITE operation. 

4.4.2 WRITE Mode Procedures 

Prior to a I7RITE operation all variables must be assigned values. 
Following the block diagram the first variable encountered is the virtual 
address circuitry; this will determine where the exerciser begins generating 
data relative to the MUT start address. Two modes can be selected; either 
VA = 0 which starts data while the address of block is at zero , or VA = 0 
in which the data start position is random. Both modes however, allow 
for selection of data starts in any of the 4 clocking phases between CCD 
clocking cycles. 

The MUX Factor Select switch is used to hold each data bit for 1, 2, 
or 4 bit times to exercise each of the parallel paths in a multiplexed 
memory with the complete data pattern. The selection switch divides 
the frequency of the clock to the data generator by the MUX factor. 

The choice of data pattern should then be made using the Data 
Source Selector. If the switch registers are chosen, and 16-bit repeating 
pattern can be set up. The Block Size should he set to correspond with 


^ j.. • ■ 'i... ■ 1 j- ' --V-. - - -- ■ 


40 . 


that of the MEW so that the block address code can be Inserted into the 
data stream at the correct times if this option is selected. After 
determining the length of the data pattern requ:Lte;d fhe Data Patterns 
Repeat Exponent should be set to obtain that length. The logic level 
on completion of that pattern must be set with the background switch. 

The tester data output can be complemented by selecting the DAtA position 
of the DATA/DAXA; switch. Finally, the data output amplitude should be 
set. Once the controls on the front panel have been adjusted it is 
necessary to push the Reset button to ensure that variables set or changed 
on the front panel will be loaded into the exerciser circuits prior to 
starting the test. 

By pressing the Start Test button the WRITE sequence begins , The 
exerciser system waits for the proper address location if the VA = 0 
control in engaged, and the proper clocking phase prior to starting the 
data generator. Data will be generated until the data pattern repeats 
counter overflows. The data control circuitry then shuts off regardless 
of the state of the memory system. 

When the End of Test light comes on the WRITE' operation has been 
completed and the exerciser is in its quiescent state awaiting its next 
operation. 

4-4.3 READ Mode Procedures 

The anticipated data output of the MOT is generated within the memory 
exerciser for direct comparison with the actual data output. The front 
panel controls must be set up to generate this anticipated pattern. 

Since the background is not generated until the completion of the data 
pattern, the Background control has no effect on the test. The VA = 0/ 

VA = 0 and Start Phase controls do not effect the test since these controls 
are activated only in WRITE mode. The clock frequency, amplitude, and pulse 
width may be varied within the limits of the memory exerciser. Finally 
the WRXTE/READ switch should be In the READ position. Provided all these 
conditions are met the Reset is the last button to be pressed before the 
Start Test is activated. The exerciser is now primed and waiting for the 
Data Input Available signal to be asserted, thereby indicating that valid 
data is being presented at the Data Input terminal. Internally generated 
data and data from the MOT are presented simultaneously to the data comparator 
Any deviation from the anticipated data output will be considered an error. 
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Errors are totaled and registered on a decimal display on the front panel. 
An error count is accumulated until the Data Input Available signal ^oes 
high or the Data Pattern Repeats counter overflows- Upon the completion 
of a test the error counter is disabled and the End of Test lamp comes 
on simultaneously with either the PASS or FAIL indicator. 

4.5 Conclusions 

The sole purpose of the memory exerciser is to adequately test the 
memory system attached to it. With the addition of a digital logic 
recorder it also becomes a versatile memory system debugging tool and 
an effective demonstration system. The logic recorder also permits the 
diagnosis of factors limiting the operating range as well as failure 
modes associated with the system design. 

To this end the memory exerciser must be able to exercise both 
the actual memory of the system and the peripherals used to control 
that memory. The effectiveness of this type of testing depends oh the 
operator to perform tests which localize the errors and vary the tests as 
necessary to determine the source of the errors. 


V. SYSTEM TESTS 


5.0 Introduction 

A series of tests ;haye been used to verify correct operation of the 
buffer memory system and to examine the system limits of operation. De- 
bugging methods ■will not be discussed since debugging is here considered 
to refer to investigation procedures required to isolate and correct a 
fault that was found during testing. The only discussion of fault cor- 
rection will concern necessary changes, to the system due to hitherto un- 
suspected characteristics of the memory devices. Emphasis is placed 
on testing techniques suited to block-oriented random access memories 
which use shift register type devices. This chapter contains an out- 
line of the tests that were performed and the results of those tests. 

5 . 1 Test Plan 

A testing program was devised to exercise the memory with a sufficient 
M of data test patterns to demonstrate that the memory is insensitive 
the pattern of the data and to verify the integrity of memory locations j 
i.e., input data must be stored in specified locations" and only In those 
locations. Data storage and retrieval also inherently test most of the 
memory^ system logic controls. Limits of operations, are studied by varying 
the CCD clock timing, the clocking frequency, the input clock pulse width, 
the input data and clock voltage levels, and the levels of the system power 
supplies. 

5.1.1 Test Equipment 

Several pieces of equipment were indispensible in carrying out the 
buffer memory system tests. The equipment included; 

(a) an oscilloscope - Tektronix model 7603, 4-trace osilloscope, 

(b) custom memory exerciser - described in chapter IV, 

(c) pulse generator - 10 MHz. range, 

and (d) digital logic recorder - Eiomation model 810-D 
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Triggering of the digital logic recorder could he made on any trace ox 
any combination of the 8 traces. Tikis feature enabled the tester to isolate 
any fault and observe the timing of test points both before and after the 
occurrence of the fault. 



The testing program and some of the rationale for the tests is given 
below. 

1) WRITE/ STOSAGE/READ operations; A standard test pattern (see below) 
at a nominal 600 KHz data rate is used to check operation of all logic 
circuits involved in the WRITE mode of operation. The data stored in 
the WRITE operation is retained for a nominal period of time, e.g., 

1 minute, and verified for retention by a READ operation clocked at 
600 KHz. The readout is also used to check all logic involved in 
a READ operation. 

2) Pattern sensitivity: The custom memory exerciser of chapter IV 

is capable of generating a large variety of data test patterns. Al- 
though additional patterns may be needed for debugging faults, the 

■J. 

limited set of test patterns described below have been found to be 
well-suited to testing recirculating serial CCD shift register memories. 
The patterns are varied both in sequence and in length. The system 
was tested with each of the patterns described below and their com- 
pliments . 

(a) Standard test pattern: (1011111101000000) repeated 2^ times, 

, where n is an integer equal to or greater than zero. Any pattern 

that repeats in integral number of times within a CCD track re- 
circulation or a memory block length makes for easy observation 
on an oscilloscope because of the ease of oscilloscope triggering. 
Although the oscilloscope trace is useful as a first indication 
that the memory system shows signs of correct functioning, the 
results may be misleadiug. For example, a single bit error with- 
in a memory block may not be observable on the oscilloscope since 
the trace trigger may not show the particular repeat of the test 
pattern which contains the fault. However, the custom memory 
V exerciser has been designed to read out the total number of data 

bits in error during a memory system readout operation. Therefore, 
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even, single errors In any test run can be detected. By triggering 
on the tester error signal, the digital logic recorder can be used 
to analyze the fault condition. 

Since the CCD storage medium is a recirculating shift register, 
all memory storage locations within a track are exercised with 
each datsL bit. Therefore, testing routines that have been designed 
for RAM^s may not be suitable for CCD's. The standard test pattern 
described here gives a strong indication of correct CCD performance. 
If the memory exerciser is set to MUX =4, then each CCD will 
receive the complete data pattern. Then, each storage location 
Is exercised both with a 0 following a string of I's and with a 
1 following a string of O’s. The pattern also contains single 
"01" and "10" combinations. 

Since each data bit exercises each storage location within 
a track, a more severe test is to demonstrate that a stored 1 
can he overwritten hy a 0, and a stored 0 can he overwritten by 
a 1. This test is easily accomplished by first storing the 
standard test pattern into any memory block. Then the block flag 
for that block is cleared. Since the CCD clock rate is never 
reduced below the minimum transfer rate for the CCD's, data in 
the CCD's are never destroyed by a destructive readout or a block 
flag clearing operation. Then, the compliment of the standard 
test pattern is entered, thereby overwriting each previously 
stored data bit with its compliment. 

A second manipulation of the standard test pattern is used 
to exercise another critical point in the CCD operation, particul- 
arly if the data outputs of the CCD's are wire-OR'ed, as is the 
case with the buffer memory. It is important to exercise the last 
data bit in the last memory block to be accessed in one memory 
bank and the first bit in the first memory block to be accessed 
in another memory block with all combinations of data bits, i.e., 
00, 01, 11, and 10. It is at this point when the CE signals to 
the chips in each memory bank switch state. This test is easily 
accomplished by ensuring that the number of data patterns repeat 
exponent on the meraoiy exerciser is large enough to make the pat- 
tern length great enough to test contiguous memory hanks. Then 
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the WRITE, idle, READ tests are repeated with the standard 
pattern (1011111101000000), its compliment (0100000010111111), 
a shifted standard pattern (0101111110100000) , and the compliment 
of the shifted pattern (1010000001011111) . Since an integral 
number of these patterns is contained within a memory block, the 
last bit of the pattern is the last bit in a memory block, and 
the first bit will be the first bit in the next memory block. 

(b) Single bit pattern (0000000000000010) ; Although this pattern 
could be used to perfotm similar tests to the standard test pattern, 
the single bit pattern can be used both to check crosstalk and 

to demonstrate the storage of only 1 hit when the rest of the 
memory contains its compliment, first, the entire memory is 
filled with 'O’ s. Then, the exerciser’s number of patterns repeat 
exponent is set to 0, and the background bit is set to 0. The 
block flag of any memory block is cleared and the test pattern is 
entered. Then, the entire memory is checked to ensure that the 
only "1" hit is located in the proper position in the accessed 
memory block. All other bits in every memory block must remain 
0. The compliment of this test should also be performed. 

(c) Pseudo-random pattern: Pseudo— random data, whose pattern 
varies according to the pre— determined data length, is used to 
more closely simulate real operating conditions than do repeating 
patterns . 

3) Test data length: The memory system has been designed to accept 

any length data stream up to the available memory capacity. Any of 

the test patterns described above could be used. Since the memory 

structure uses 4 tracks of each CCD group for a block, a complete CCD group (8 

blocks) for a memory bank, and 4 banks for the system, a suitable 

: 1 

set of test data lengths would be; 

(a) less than h block length, say, one 16-bit pattern 

(b) exactly h block length, 

(c) block, 

(d) 1 block, . : 

(e) 2 blocks , 

(f ) 8 blocks (1 bank) , 
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Cg) 2 banks, 

(h) 4 banks, 

and Ci) more than 4 banks to exceed memory capacity. 

Test data length of less than 1 block is required to check 
transfer tiinihglogic to ensure only integral block length transfers 
are made. Simllarily, integral block lengths are needed in the 
test to ensure that 1 data block is stored in precisely 1 memory 
block, V7ith no under or overflows. The overflow indicator and 
transfer halt logic is tested by using data lengths equal to or 
greater than the available memory capacity. 

4) Memory integrity: Tests must be performed to ensure that all 

input data is stored in the assigned memory locations and only in those 
locations. Three techniques were used. 

(a) The custom memory exerciser was designed to permit a unique 
address code to be inserted as part of the data stream for each 
memory block. The address code con.tains chip enable and block, 
in bank code information. Readout of each memory block in turn 
is monitored with the digital logic recorder to capture the 
beginning of each memory block transfer, A. check of the address 
codes in the data stream verifies the uniqueness of each memory 
block and the correct functioning of the address logics 

(b) The test involving the single hit pattern as described above 
is also a check for memory integrity. 

Co) If a pseudo-random pattern whose length is equal to the total 
memory capacity is used, then every memory block will be filled 
with a different pattern. Such a test corifirms the tmiqueness 
of the memory blocks. 

5) Block and Bank Access: Th^ block selection con^rrols must be 

exercised in a number of ways. Some of the tests described below 
are performed inherently in the above tests. The system provides 
the optio.i for automatic or manual selection of access to the memory 
blocks. 

In ATJTO mode; 

(a) set data pattern length equal to 1 block, repeatedly request 
WRITE transfer until the memory system is full. With each access, 
the next empty location, regardless of the states of the individual 

block selection switches, should be filled. p.'FiPTt.O'n UCIBILIT Y Ui’' 

ORIGINAL PAGE IS POOR 
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(b) repeat (a) with data pattern length less than 1 block, 

(c) repeat (a) with data pattern length greater than 1 block, 

(d) clear some of the memory block flags in each bank and repeat 
tests (a) to (c) , 

(e) WRITE into a single block, then READ, 

(f) WRITE into several contiguous blocks, up to full memory, then 
READ, 

(g) WRITE into several blocks, clear some of the block flags, 

then READ. In each of these tests, all blocks whose flags are 
set, should have been accessed in turn. The digital logic re^ 
corder is useful in this test if the CE and track addresses are 
monitored, ' 

In MANUAL mode, 

(a) all of the tests in AUTO mode are repeated, except access 
to the blocks is controlled manually in sets of 1 block, several 
blocks that are not necessarily contiguous, 1 bank, several banks, 
or full memory, 

(b) T'lRITE into a block in 1 bank, verify that data has been stored 
correctly; WRITE into a block in another bank and verify. Again 
verify the data in the first block, and then again in the second 
block. This test is needed to verify that access to any block 
during one transfer does not affect data stored during a previous 
transfer. 

In both AUTO and MANUAL mode, check that any set of block 
flags may be cleared manually. The overflow monitor is also 
involved in controlling memory access. In MANUAL mode, if there 
are no empty blocks that have been selected, even though the memory 
is not full, input data should not be accepted. As soon as even 
1 empty block becomes available, by manual selection of at! empty 
block, by clearing the flag of a selected block, or by a dest- 
ructive readout, the memory overflow monitor should reset. 

6) Readout Controls: Two methods of data retrieval are permitted, 

destructive readout and non-destructive readout. The test of these 
controls could be performed during the course of the block and bank 
access tests. A check should be made in the non- destructive readout 
mode that the block flags remain set after the data transfer. In 
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the destructive mode, each flag for a block that has been accessed 
will reset. During a non-destructive readout test, if the memory 
overflow monitor was on before access, the monitor should go off 
during the readout and be re-asserted at the end of the data transfer. 

7) Input Data Synchronizing Controls j The buffer memory system must 
be tested to ensure that it can accept incoming data beginning with any 
input clock pulse, regardless of position relative to the CCD start 
address or the CCD timing chain trigger interval. However, input data 
will be lost if the data input starts during a READ operation. The 
custom memory exerciser has the capability of Initiating the test data 
stream during any preselected CCD virtual address and during any input 
clocking interval between CCD T.C, trigger pulses, which are denoted 
on the memory exerciser as start phases 00, 01, 02, or 03. It is 
particularly important to test the system with input data that begins 
while the VA = 0 signal is asserted, since this signal is involved 
in a great proportion of the system timing controls. Testing is 
adequate if the start of data location test is repeated for each 
of the 4 input clock phases during CCD virtual addresses 255, 0, 
and 1. Timing controls operate identically for start points in all 
CCD virtual address locations other than VA = 0. 

5.1.3 System limitations Tests 

The system limitations are defined by the upper and lower limits of 
data access frequencies, the clock and data levels, and the power supply 
range that permits operation over the specified frequency range. Each 
of the parameters which affect the limitations listed above should he 
adjusted to determine system performance capabilities . 

(a) Data access frequencies : The data access frequency limitations 

are defined by the CCD clock timing, the timing chain trigger frequency, 
the timing chain trigger pulse width, and the RAM WE pulse width. 

Each of the pulse widths should he reduced to the minimum width that 
will permit system operation at the nominal CCD power supply operating 
point of = +10 VDC and = -3 VDG. Since the 03 clock pulse 
width varies according to clocking frequency, the minimum 03 width 
will determine the maximum trigger frequency. The minimum frequency 
will be determined either by the CCD refresh timing interval require- 
ment or the idle frequency controls. 
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(b) Data and cloct levels: Since the system inputs are required to 

be TTL compatible, the system should be tested with data and cloclcing 
logic ONE levels at both 2.4V and 5.0V. The input clock pulse width 
may also be varied to determine its limits. 

(c) Power supply range: After .satisfactory system performance has 

been achieved at the nominal CCD operating point, V__ = +10V, V „ = 

1/1? iDji 

-3V, a each of the power supplies are adjusted until system errors 
appear. A suitable test pattern for this test is a pseudo-random 
pattern of full memory capacity test. A range plot, sometimes called 
a Schmoo plot, can be drawn to show the range of operation. 

5.2 Test Results 

5.2.1 Memory System Punctional Test Results 

Each of the functional tests was performed on the memory system. 
Although a number of faults were detected with these tests, the faults 
have all been isolated and corrected. At a nominal 600 KHz input clock 
frequency, with all inputs at standard TTL logic levels, and with V^^^ = 

+10 V, V _ = +5V, and V = -3V, the system now passes all the functional 
tests, both WRITE and EEAD operations have been verified. Data has been 
retained in the idle mode during a 24 hour test. All test data, regard- 
less of pattern or length, can be stored and retrieved from the memory 
system. Memory integrity has been verified by using the block address 
code insertion into the data pattern, by the single bit pattern, and by 
the pseudo-random pattern test. All memory blocks can be accessed in- 
dividually or in ordered sets. Access can be made either in AUTO or MANUAL 
select mode. Both destructive and non-destructive readout operations can be 
performed. It has been verified that incoming data can be accepted at 
any time without loss of any bits unless tha data begins during a READ 
operation. Only data that arrives during idle mode or at the end of the 
EEAD cycle will be retained. A READ request that is initiated during 
a WRITE operation does not affect incoming data. 

5.2.2 System Limitation Test Results 

I'Jhen the CCD clock timing parameters and the RAM pulse were adjusted 
to the minimum values as listed in Table 5-1, the system could he operated 
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with, clock rates from approximately 120 KHz to 4.25 MHz. To allow operating 
tolerances j the memory system frequency range is specified to be 150 KHz 
to 4.0 MHz. The input clock pulse is required to be a minimum of 35 nsec, 
wide to operate the system. 

Timing Parameter* Minimum Timing (nsec. ) 


T.C. Trigger (03 - 02 reset) 

160 

02 

330 

02-01 overlap 

100 

Ji 

135 

01 - 02 overlap 

95 

03 delay 

290 

03 

130 

RAM WE pulse (LO true) 

180 


*See Appendix A for timing diagram 

Table 5-1 Minimum Timing Parameters 

All system inputs were demonstrated to accept TTL logic levels. The 
range of system operation as a function of both CCD power supplies and 
frequency is shown in Fig. 5-1. Some evidence was uncovered during debugging 
indicated that the upper frequencj'' limit was caused by the EAM frequency 
limit, rather than the CCD's. A HEAD operation was successful at over 
4.5 MHz. Although the system will operate with lower power dissipation at 
— 1-lOV and = -3V, the tolerance allowable on the power supplies was 
found to be relatively small. Wider operating margins, at the cost of 
greater power dissipation, are possible if = +12V and = -5V are 
selected as the supply voltages. 




-7 -6 -5 -4 -3 -2 -1 0 

VBB — Substrate Bias — Volts 

Figure 5—1 Range Plot For 128 K— Bit Buffer Memory System 
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5.2.3 Additional Comments on CCD Performance 

In the course of system testing and debugging) a number of unsuspected 
characteristics of the CCD memory chips were uncovered. 

1) The memory system was originally designed to keep the CCD clock 
level static to those memory banks which did not contain active blocks. 
The clocks would be maintained at those levels needed to keep driver 
dissipation low, i.e., the 01 and 03 clocks would he kept high. The 
power supply to the 02 driver, whose output would have to be in the 
normally high-dissipation, low output state, could be gated to conserve 
power. However, it was found that the CCD*s would not accept input 
data reliably unless they were clocked for nearly one shift register 
recirculation, that is, 256 transfers. Hence, all memory banks, whether 
actively retaining data or not, are clocked at 15 KHz ±3 KHz during the 
idle state. 

In a memory system redesign, the clocks could be controlled to 
start 1 recirculation before a data transfer. Since the 01 and 03 
drivers have such low duty cycles in the idle mode, there would be no 
significant power saving by switching to a static mode. Only if power 
supply gating to the 02 drivers were implemented would there he a driver 
power dissipation saving. However, a speed penalty would probably be 
incurred unless the power supply gating - which in itself must operate 
with less power than the power to be saved - must be able to supply 
the large charging current required for 02 operation. The system 
clocking is presently tuned for 4 ^IHz operation. If the power supply 
gating is inefficient, the rise and fall times of the 02 clock output 
axe increased, thereby reducing the maximum system clocking rate. 

2) In. the initial design, the 03 clock input to the CCD was also tied 
to the CCD pin 8 (sstise amp data output) to achieve an on-chip data 
sample and hold. This would save an external data buffer register. 

For a single CCD memory this feature works properly. However, if the 
data outputs of several devices axe wire-ORed, then if the last output 
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bit from one device is LOW (and CE is inhibited) then the output node 
remains LOW and will not recover for several clocking intervals, thereby 
possibly causing errors in the data outputs from other devices. This 
fault was corrected by tying the pin 8 of each CCD to instead of 
03. The output node then recovers at the beginning of the next 02 
interval. Since data is no longer maintained with an internal sample 
and hold, and external data buffer has been added. Output data is strobed 
into the buffer approximately 150 nsec, after the rise of 03. Thie 
solution also overcame .the CCD characteristic -that is described below, 

3) In most memory systems, the 03 clock coiild be expected to operate 
with a fixed pulse width. Since power consumption in a clock driver 
is reduced when the driver output is high, the 03 clocks in the buffer 
memory system were designed to have a variable pulse width. As the 
system frequency is reduced, the 03 pulse width stretches. Output data 
is specified to be valid till the end of the 03 clacking period. However, 
it was found that the data output from some devices reverted to the HIGH 
state after a few microseconds. This phenomenon appears to be related to 
the track used to store data and to the proximity of the power supply 
operating point to the edge of the CCD range of operation curve. There 
WGirld be no error at high frequencies or if the data output would normally 
he HIGH. This condition was easily overcome by the extra data output buffer 
mentioned above. 
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VI. FURTHER DEVELOPMENT 


6.0 Intro due tlon 

The current feasibility design has denionstrated that CCD’s can be applied 
advantageously to the problem of low power digital storage and particularly to 
the problem of interfacing widely very data rates. Undoubtedly much of the 
benefit related to using CCD's as opposed even to devices such as a low power 
RAM lies in the amount of data that can be stored that does not require direct 
interaction with on-chip or off-chip peripheral circuitry. Each stored bit of 
RAM must be fetched by addressing its location via peripheral circuitry, whereas 
the data stored in each CCD block automatically arrives at the output port with- 
out any direct action other than clocking being required. Storage is affected 
in a similar fashion. Therefore a simple counter with no direct interaction 
with the CCD's is sufficient to supervise the location of all bits within a 
data block. 

Mass or "bulk" data storage is presently generally configured in serial 
form and usually comprises magnetic media, namely disc or tape. Each of these 
place limitations in terms of access speed, data bandwidth capability, and 
power, these systems being electromechanical in operation. Magnetic bubble 
memory overcomes the latter objection but still presents bandwidth and access 
speed limitations. Therefore, any consideration of CCD’s as a memory medium 
must take into account the total system objectives. It is feasible to consider 
a bulk memory consisting either totally of CCD memory or alternately consisting 
of a combination of two media, such as CCD and magnetic bubble, or CCD and RAM, 
to combine speed with low power as in the system herein described. 

It is apparent that the present study and prototype system is centered 
around relatively long term storage of sequentially arriving data, in fact a 
data recorder, and that continuous high speed access or high speed recovery 
of stored data is not the highest priority. Therefore, a combination of two 
storage media in an optimized fashion is economically sound. There are a number 
of options to be considered when accessing future system architectures: 
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(1) utilization of the present memory device or its direct successor, 
and optimizing the system architecture, 

(2) utilizing the latest advances in CCD memory device design, 

or (3) configuring a specific device architecture to optimize the system 
design. 

Each of the options will be evaluated in discussions concerning both expanded 
versions of the prototype buffer memory system and related CCD memory system 
architectures. 

-5.1 Further Development of Present Buffer Memory Configuration 

The present memory system is a prototype feasibility model of limited 
memory capacity and contains features that can either be simplified or augmented 
in a future CCD memory system. A larger system of the same form with a capacity 
of, say, 1 M-bit to 10 M-bits is considered to be feasible. Here a number of 
options which can be made in an expansion of the present memory configuration 
are discussed. 

The currant design provides for access to any ordered set of memory blocks 
t?ithin the 32 available. Completely random access to the blocks can be made 
only by successive transfer requests to individual data blocks. Some time to 
set up the request and address synchronization is needed between transfers. 
Although this limitation is probably not serious in the readout mode, it could 
be detrimental to storage of a long data input stream. It is recommended that 
an expanded memory system be based on computer control, both to provide complete 
randomness of data block selection and to optimize the peripheral hardware. 

The hardware that is presently used to identify and control blocks in use and 
address decoding logic would then be completely eliminated. The system, pre- 
suming the same general specifications concerning data rate, etc. , would then 
reduce to the clock drive circuits, the storage devices, the output buffer, and 

the input pre-buffer comprising the high-speed RAM's. This represents a 
tremendous simplification in memory system hardware and for any expanded system 
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must be considered essential to the economic viability of such a buffer 
memory system. The use of high speed bipolar microprocessors, or perhaps 
even existing MOS microprocessors of the 8080A variety would permit control 
of a memory system orders of magnitude larger than the present model. 

Possibly this would render the use of a different memory medium such as 
magnetic hubbies for the long term storage less attractive than would at 
first appear. Conversely present day microprocessors conceivably have the 
speed and power to affect control over a complete dual media memory system. 

Assuming sequentially arriving data streams at varying data rates, the 
requirement to capture and store these "blocks" of information for subsequent 
use or transmission would be met by the identification by the microprocessor 
of an available memory block. The block size can change from the present 4K 
size. With the existing configuration which uses 8K CCD's and 4-way multi- 
plexing, the block size can vary from IK to 32K. The microprocessor would 
store the status of the data blocks and, if necessary, some pertinent 
information relating to the material content of each data block so that 
recall can be affected, under program control, according to the type of 
information required, the data source, or even the time of data capture. A 
substantial portion of the input pre-buffer, such as the RAM buffer, could 
be eliminated if the microprocessor were to store the CCD virtual addrnss 
concurrent with the start of the block transfer. There would be no need 
to wait for the CCD zero virtual address before starting the CCD input 
transfer. Output transfers would begin when the block virtual address 
matched the stored start address. 

For a large system, expansion should be by duplication of the basic 
memory module - including clock controls and virtual address circuitry - 
rather than by simply expanding the number of banks in a system. This is 
necessary to maintain minimum power dissipation since all non-accessed banks 
in Che memory module are called upon to operate at one quarter of the clock 
frequency of any bank that is accessed; this obviously increases the power 
drain at higher clock rates. Allowing duplicated complete subsystems to 
remain at idle rate while data is being transfered in or out of an accessed 
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bank in one subsystem ensures minimum power dissipation. It may also be 
noted that peripheral hardware does not increase proportionally to increased 
memory capacity. Therefore, in a large mdmory "system, particularly one that 
is partitioned into several memory modules, the average power dissipation 
per hit is reduced substantially both in idle and transfer modes. 

No mention has jret been made of the possibility of providing parallel, 
data streams. Duplication in a parallel fashion of the subsystem as described 
above can provide multiple channel parallel data transfer into and out of the 
memory. Under program control, the system could handle either single channel 
serial data or parallel format w ;rd transfers. Thus, 8 subsystems in parallel 
would permit a maximum of 32 M-bits/second data transfer rate. 

5 . 2 Application of Advanced CCD Memory Device Configurations 

It now remains to examine the potential of different CCD memory device 
configurations to the application of expanded memory systems. The present BNR 
CCD memory device organization is in many respects particularly' suited to the 
application. Considering ’.low power in the "idle" mode to be the highest 
priority then the refresh of data within the device every 32 clock pulses 
permits extremely low clock frequencies to be used with a consequent power 
benefit. Any dynamic semiconductor has an inherent storage period without 
refresh of approximately 2 msec, at room temperature. This figure is deter- 
mined by allowing between one and two orders of magnitude margin for dark 
current saturation, thus most devices will retain data for 50 to 200 msecs, 
before false data bits are detected. By refreshing data more frequently 
(i.e. fewer clock cycles between refresh) on the device an overall lower idle 
power is required. It is feasible to consider 16K CCD's of the same organi- 
zation, and indeed there is in the market now a device very similar in 
organization to the BNR device, the Intel 2316 16K bit CCD. However, this 
devices is not as simple to use and requires extensive peripheral circuitry, 
thus detracting from the appeal of its potential low power performance. It 
would be quite feasible to modify the present 8K design to reduce the size and 
increase the total storage to 16K bits at the same time retaining the inherent 
low power operation consistent with the basic 32 bit between refresh mode. 
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Long term retention of data with the present system represents no pro- 
blem and it can easily be shown that much of the circuitry presently devoted 
to control during idle operation can be fabricated in custom CMOS, thereby 
drawing negligible system power. Circuit developments in industry have now 

produced clock drivers with low D.C. power dissipation leaving the fundamental 
2 

CV f product as the prime power dissipation component. 

Computer memory systems have one overriding criterion, they must cost 
as little as possible. Thus CCD memory device design has concentrated on 
maximizing density and secondarily providing higher operating speeds and low 
power. A new architecture recently proposed and developed by Bell-Northern 
Research uses a form of data multiplexitig to increase the memory density while 
at the same time making on— chip drive of that memory feasible. This is the 
serial-parallel-serial (SPS) structure described in Appendix G. One drawback 
of this design in the present system context is the reduction in dynamic 
range of data rates which can be handled. Whereas the 8K CCD was optimum from 
the point of view of offering at least a two decade range of data rates, this 
is not possible with the SPS structure. The two limitations are: 

(1) Upper data rate. 

The speed with which a CCD shift register will run and the clock 
power required to drive it at that speed. 

(2) Lower data rate. 

The time for which data is stored on chip between refresh. 

With the 16K CCD, the input and output high speed shift registers (presently 
specified at 10 MHz) place the limitation on the upper data rate, whereas the 
bulk memory array size determines the limitation of the lower data rate. (The 
16K CCD having 4K hits of storage in the bulk means a nominal 2 MHz lower data 
rate for 2 msec, storage time. Actually the device is specified at 1 MHz 
permitting 4 msec, data storage.) Reducing the nuaiber of the storage elements 
between refresh would improve this range down to the present 8K with 32 bits 
between refresh which allows approximately 10 KHz as a lower data rate. 


REPRODUCIBILITY OF TID!: 
ORIGIIIAL PAGE 18 POOR 


i 


59. 

However, there is of course a penalty in terms of area per bit due to the 
increased htiniber of refresh amplifiers required by the 8K CCD. 

Implementation of a buffer memory using the 16K CCD can be accomplished 
with substantial improvement in overall performance. An upper frequency limit 
of the data rate, 5 MHz, can easily be met by direct interfacing of the CCD 
memory device. The time taken for the memory to recirculate at high speed 
is 400 jisec. This, therefore, is the worst case delay for which arriving data 
would reqtiire buffering before being written into the CCD memory. Thus a 
simple, small serial buffer is all that is required to interface a low speed 
data stream to the storage device. Various multiplexing schemes are feasible 
using this device to both increase the high data rate or reduce the lower data 
rate consistent with low power operation of the device. 

If the requirement is restricted to capture of high speed. data and recall 
of that data subsequently at that data rate or lower (say down to 150 KHz for 
bubble memory compatibility), then a simplified design will suffice with two 
shift registers 5 one for data storage, and the second taking data from the 
first for output buffering. Each shift register has separate clocking. 

In the present 16K CCD organization, each device has four inputs and four 

outputs, therefore by using a four bit buffer a data rate of up to 40 KHz 

could be captured in one device. If this is not a desirable feature then 

possibly either a simple modification of the design to permit only a single 

input and output or the provision of a two bit address and control of 

individual 4K block write /recirculate lines may be preferred. A redesign of 

the present 16K could also dramatically reduce the present quiescent power 

dissipation which is due to a number of timing overlaps on dynamic gates. 

Present day technology can achieve smaller 16K designs or 64K designs, 

thereby again reducing the operating power per bit associated with the bulk 
2 

memory CV f product and the overhead D.C. power dissipation. 
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The design, of a 1 - lOM bit memory buffer could be implemented equally 
well either using the present 8K CCD organization or the very different 16K 
CCD organization. The trade-off is between data bandwidth range and low idle 
power. Low idle power becomes a problem only if the CCD is the only memory 
medium being used. If non-volatile memory such as bubble is to be used for 
the longer term (minutes and hours) , then low power during capture and 
transfer is more important because the CCD memory will become inoperative for 
the majority of the time, thereby having close to zero dissipation. 

5.3 Other CCD Memory System Configurations 

Alternate memory system configurations can he suggested from the feasi- 
bility model. Rather than a system expansion, a relatively simple data 
recorder can be envisioned. A minimum block size of IK-bits with purely 
sequential block access can be used as a tape recorder replacement. If 
some data loss can be tolerated either at the beginning or end of a trans- 
mission - such as with a tape recorder - no complex data synchronizing logic 
is required. If the data bandwidth were restricted to 10 KHz to 1 tJHz, then 
no data multiplexing or idle control circuitry is needed. Only CCD clocking 
logic, virtual address counter, and an address pointer is needed. In this 
frequency range, the 8K CCD or an expanded 16K device could be used with a 
minimum block size of 256 bits. The amount of data lost at either end of a 
transmission is reduced by having a small block size. 

If the data recorder application called for higher data rate capture 
and a larger storage G.apacity, tha SPS memory structure with 4K-bit blocks 
would probably be more fea.sible. Proposals are in hand to examine and 
design a 64K-bit high density CCD memory using an organization very similar 
to the present 16K CCD. It is expected that such a device would exhibit 
less than 5 pW/bit power dissipation at high speed operation and less than 
H yW/bit at low data rates. Special consideration would be given to widening 
the data bandwidth and reducing idle power by suitable re-organization of the 
fundamental memory block size - presently 2K,-bits. This could be reduced to 
IK-bit. A.ccess time could be improved and both idle power and speed reduced. 
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, It Is necessary to consider each system reqtiirement in detail before 
arriving at any decision regarding the storage device. Consider an appli- 
cation requiring capture and storage of very low speed data, say <1 KHz. 

Two implementations will be dis cussed - 

(a) Use of BNR 8K CCD. 

The use of the present 8K CCD or a redesigned 16K CCD retaining the 
same configuration can be achieved with the memory cycling continuously 
at the low power or idle rate, say 10 KHz clock rate. Thus with a 256 bit 
register the time for all registers to recirculate is nominal.ly 25 msecs. 
Therefore a maximum of 25 data bits can arrive in the recirculation interval. 
Two 25 bit data buffers are then required to interface incoming data with 
the appropriate timing and control logic to route the output of each shift 
register alternately to the correct register and location within each 
register of the CCD memory bank. 

(b) Use of 16K SPS Memory. 

If the lower clock rate of this device is nominally 1 MHz, then a 
maximum of four data bits can be buffered during the recirctilation time 
within the 4K sections which make up the 16K. Thus, a four bit parallel 
input into any selected 16K device can he effected when the 4 bit input 
buffer becomes fxill. Due to the greatly reduced input clock capacitance of 
this device compared to the 8K CCD, low power CMOS drivers can be used thus 
maintaining total system power below 1 pwatt/bit. 

5.4 Conclusions 

A number of possible CCD memory system developments have been suggested. 
It is apparent that the capacity of a CCD system could be expanded by orders 
of magnitude with a substantial reduction in the power dissipation per bit. 
The data bandwidth capability could be extended upwards by increased levels 
of multiplexing or by providing for parallel data I/O. A modification of 
the input buffer would extend the lower frequency limit to any arbitrary 
value. The most beneficial near-term solution to the problem of optimum low 



cost, low power, wide bandwidth data recording for airborne or satellite use 
Is judged to be an extension of the basic principles demonstrated in the 
assembled feasibility system. However, the optimum device configuration 
relating peripheral circuit area to storage area is met using the 4K-block 
size on the SPS structure. Therefore, it is recommended that further 
developments incorporate devices similar to the BNR 16K CCD to yield flexible, 
self-contained data recorder systems. 
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8K CCD Specifications 


CC8M03 8192 ■ 
CHIP 

ORGAHIZAl’IOK 
INPUT/ OUTPUT 

PACKAGE 

and 

TEBMINALS 

TIMING DIAGRAM 
(see Figure 2) 


OPERATING 

CONDITIONS 


Bel! -Northern research 


BIT CCD DECODED MEMORY CHIP - PRELIMINARY DATA 


n-chainnel CCD, dimensions 178 x 168 mils 

32 tracks (loops), 256 serial bits per track; 
random access to any tracTii' within one bit -time. 

Sequential Read/Write during single bit-time; output 
occurs within one bit-time of applying address. Input 
data replaces the data which was read out during the 
previous clock period. 

22-pin dual- in-line; 16 active terminals, (see Figure i) . 

clocks • ^2* ^3 

d.c: GND, . 

control: CE (chip enable); A1 to A5 (track address); 

N (write). 

data: DI (input), DO (output for sense amplifiers), DO 

(output for TTL) . 

Output data becomes valid during high level while GE 
is high; state of H has no influence on output . Input 
data must be applied during high level, and must be 
maintained until after goes low. The states of CE 
and of the address decoder outputs are sampled on-chip 
during high level for control of writing during 
high level if W is high at that time. Therefore, input 
data always replaces the data read out during the previous 
high level, even if the address has changed and/or CE 
has gone low'. This permits the-swapping-or modifica-t-io-n— 
of complete blocks of data without any unproductive clock 
periods. 

Voltages are relative to GIH). 

V,^_: 8 to 14 volts, -1 to -7 volts, 

UD UiS 

CLOCKS, CE, ADDRESS, W: HIGH level = V^^^ + 1 volt 

LOW level = 0 to 0.8 volts 
(CE HIGH level may be as low as V^^ - 3 volts 

data input: HIGH level = 4 to 14 volts 

LOW level = 0 to 0.8 volts 
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CHARACTERISTICS 


CAPACITANCES 


DC CURRENT DRAIN 


NOTE 


A-2 


DATA OUT to sense umpilfier; 

HIGH level: 2 laA aj nimum into 100 ohms to ground 
LOW level : lOyi v <xlmum Into 100 ohms to ground 


DATA OUT to TTL: 

HIGH level: equals external pull-up voltage 

LOW level : 0.4V maximum when driving one worst- 

case TTL load in parallel with 3 kilohm pull-up 


resis tors; 
DATA OUT) 


(connect pin 8 to to enable 


(|)^ and 
conditions; 


^2 lines: 


each 700 pf maximum under worst-case 


(f- line: 150 pf maximum; 

Address lines: each 5 pf maximum; 

CE line: each 10 pf maximum: 

W, DATA I N line s; each 3 pf maximum; 

DATA OUT, DATA OUT lines; each 3 pf when CE is LOW 


V__ line 3 mA maximum, (CE HIGH); 6 mA maximum, during 
({i^ HIGH level (CE HIGH) ; 1 mA maximum (CE LOW) 

(^2 line: 2 mA maximum (CE HIGH only) during HIGH 

level. Ho other significant d.c. current drain. 

Address HIGH level may be reduced to 5 volts for lower 
power operation with some reduction in operating range 
and performance. 
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OPERATING CHARACTERISTICS 

■ 

A-3 


PARAMETER 

I 

HIGH 

LOW 



8 to 14 volts 



! 


-1 to 7 volts 


1 

! 

clocks, A^ to Ac, CE, W 
1 I J 

Von i ^ ’"iv ■ 

1 0 to 0.8 volts 



Data Input 

4 to 14 volts 

0 to 0.8 volts 


1 

Data Output - Sense amp 

1 

2 mA @ R^ “ lOOG 

10 pA @ R^= 10 on 



Data Output - TTL 

EXTERNAL PULLUP 

0.4 volts 







FIGURE 1 

Package and Pin Connections 
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8192-Bit Block Addressable CCD Memory 

STANLEY D. ROSENBAUM and J. TERRY CAVES 


vttenver-Design dita and experimental duncteristics an given on 
an 8192-bit n-channel chaige-eouplcd memoiy device, intended for ap- 
plicationa requiring shorter latency than ordinary MOS shift legisteis or 
fixed-head dishs and at potentially lower cost than either MOS shift 
registers or nndom-access memories. This was achieved' by dividing the 
array into 32 memory blocks of 2S6 bits each, with addressable, ran- 
dom access to any block, permitting average latency of approximately 
100 MS. A two-level overbpping polysilicon gate process was used, with 
conservative design tolerances. Power dissipation on-chip, plus capaci- 
tive drive power during data access at 1 MHz is approximately 250 mW, 
and less than 5 mW during standby at 20 kHz wiA data retention. 

I. Introduction 

T he 8192-bit (8K) n-channel charge-coupled device (CCD) 
to be described here was designed for applications requir- 
ing shorter latency than ordinary MOS shift registen or 
fixed-head disks and drums, with low standby power so as to 
minimize the disadvantage of memory volatility, and at poten- 
tially lower cost than either shift registers or MOS random ac- 
cess memories. Conservative tolerances were used, suitable for 
present-day manufacturing techniques. 

A two-level overlapping polysilicon-gate process was used, 
the same as used for a 4K serial memory CCD which has been 
described by Ibrahim and Sellars [1] . Whereas that 4K device 
made use of ratio-type bootstrapped inverters for charge re- 
generation, the increased packing density required for an 8K 
chip was made possible by providing charge regeneration cir- 
cuits of higher sensitivity, which allowed the use of CCD elec- 
trodes of smaller area. This was achieved by using ratioless 
dynamic MOS circuitry, which kept the sensing node capaci- 
tances to a minimum, and eliminated dc power drain. 

To shorten the latency the array was divided into 32 mem- 
ory blocks (tracks) of 256 bits each, with addressable.'randorn 
access to any block through an on-chip decoder. The device 
was designed to provide data transfer rates up to 2 MHz, but 
with dc power dissipation minimized, so that at low frequency 
the power demands of the chip would be small. The lowest 
possible standby or “idling" power was considered to be an 

bbnuscript received April 29, i975; nvised June 19, 19'’5. This 
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Tig. 1. Overall chip organization: schematic dbgtam. 


important requirement, so ’that the dirice could be useful for 
data retention over long periods. Since this requires a low 
clock frequency, and to improve the device capability in this 
respect, charge regenerators were provided at more frequent 
intervals than would otherwise be needed. 

This device is basically, apart from minor modifications, as 
previously described by the present authors [2] . 

II. Chip Organization and Circuit Design 
A. Overall Chip Orsani:a:ion 

The organization of the chip into 32 memory blocks or 
“tracks" of 256 bits each, as shown in Fig. 1, provides random 
access to any track by on-chip decoding of a 5 -digit address. A 
chip enable (C£) input allows the data input and data output 
terminals of a number of devices to be OR-tied to conunon 
buses, including the use of a combined I/O bus if required. A 
CE LOW state shuts off the power dissipation in the peripheral 
circuits. 

The storage array electrodes are connected so that ail tracks 
are clocked together, which calls for high-power dissipation 
when fast data access is required, but provides important ad- 
vantages. One advantage is economy in area, since additional 
area would be required for providing individual clock connec- 
tions and steering circuitry. Another advantage is that the 
data in all tracks are refreshed simultaneously, with no need 
for periodic addressing of individual tracks. For this reason, 
the CE input was arranged to affect only the peripheral cir- 
cuitry involved in data transfer, so that the chip may be 
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clocked at a suitable low idling frequency without addressing 
any track, to maintain data during standby operation. This 
brings the further advantage that the mi.iimum idling fre- 
quency is determined by the average leakage current of all the 
storage locations on each track, rather than the current at the 
highest leaking location, which may be an order of magnitude 
higher in typical as opposed to specially selected chips. A dis- 
advantage of clocking 'all tracks together is the high, capacitance 
which must be driven, amounting to as much as 700 pF for 
each of the two principal dock phases, much of this consisting 
of interelectrode capacitance .■>nd active charge -transfer capaci- 
tance, between the two pha.'cs. This places an economic 
penalty on high-clock frequencies, regardless of any inherent 
limitations of the design. 

For large block sizes, considenble clock power and also 
chip area could be saved by using a multiplexed data flow or- 
ganization su(h as serial-parallel-ferial (SPS), but this would 
have offered no advantage for a block size as small as 256 bits. 
A &.'quential read/modify/write operation was chosen, so that 
page-swapping and similar data handling techniques were avail- 
able if required. 

In Fig. 2 is shown the organization of a single track, con- 
nected to the decoder and to the input and output circuits. 
Each track is a recirculating serial memory or loop, ^iiade up of 
two parallel rows of 12S bits each. The input and output cir- 
cuits connect into the serial loop at different points, separated 
by a 1-bit delay section. This delay Is a convenience which 
provides more time for the read/modify/writj operation, and 
also simplifies the read/wnte control circuitry, which other- 
wise would require several additional MOS transistors for each 
track. In addition to the 1-bit section, each row is broken into 
a 31 -bit and three 32-bit section* so that ail data on the chip 
are regenerated after 32 clock cycles. This allows for lower 
Idling frequency and therefore lower power, since the funda- 
mental idling power is that which is required to transfer all 
data through a charge regeneration stage in time to prevent 
errors caured by leakage currents. For geometrical reasons 
of layout, both of the 128-bit rows have ±e same anange- 



Fig. 3. Timing sequence for clocks, control signals, and data. 


ment, including a 1-bit section, which also evens out the num- 
ber of logic inversions as the data make a complete circuit. 

It may be seen in Fig. 2 tha* sample-and-hold or “j-bit” 
delays are provided in several places outside the recirculating 
loops. Bearing thes*. in mind, and also by reference to the 
timing sequence shown in Fig. 3, the read/modify/write op- 
eration can be followed. Also shown in Fig. 3 for later ref- 
erence are the two main clock waveforms, , ^2 and the 
au.'dliary clock 0?, all supplied from off-chip, and the reset 
dock which is generated onchip. ITie existence of CE 
HIGH at the start of any cycle n causes decoding of the 5-bit 
track address, and the appearance of an output data bit after 
a delay which is regulated by the time delay between off 
and 03 ON. The state of CE is sampled during 03 ON [termed 
stored chip enable or (SCE)] by the data input buffer and by 
the write control circuitry. A high-level SCE will permit writ- 
ing at the start of the next cycle n + 1. The input data bit is 
sampled at tliat time, and if a decisicn is made to write, the 
bput data bit replaces the bit which was read out during cycle 
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,•?. To ensure that this always occurs, even when a different track 
fmd/or different chip may have been selected for readout dur- 
ing period n + 1, the output nodes of the track decoder are 
also sampled during 03 , on, providing stored decode (SD) func- 
tions, as represented by the ^it delay SD in Fig. 2. 

B. Basic Memory Cell 

Plan and cross-sectional illustrations of the basic memory 
cell are given in Fig. 4. Polysilicon electrodes were prefejicd 
for both upper and lower levels, because they provide stable, 
predictable thresholds, and because they can be photoengraved 
to close tolerances more easily than aluminum. A further ad- 
vantage, for the type of device organization chosen, was that 
aluminum conductors could be situated over the polysilicon 
electrodes, to transmit data from the output of each end-of- 
row charge regeneration stage back to the starting side of the 
array, all transfer of charge bebg in one direction. This 
avoided the use of a serpentine organization to transfer charge 
in opposite directions O': adjacent rows, requiring electrode 
crossovers and resulting extra area and coupling capacitances. 

Two-phase overlapping clocks, shown as 0i and 0j in Fig. 3 
were chosen to operate the basic memory array, the auxiliary 
clock 03 not being involved in clocking the basic cell. Al- 
though the quantity of charge which can be handled by two- 
phase clocks is smaller than that possible by four-phase docks, 
the two-phase docks are simpler, and interelectrode coupling 
effects arr minimized, which was an important consideration 
for the docking of appredable capacitance at frequencies up 
to 2 MHz. 

The cell dimensions were chosen with regard to normal man- 
ufacturing tolerances in MOS processing, and also with regard 
to the need for providing sufficient charge for operating the 
charge regenerators with adequate margins and satisfactory 
yield.' 

C Design Considerations for CCD Arrays 

Normal two-phase operation cf a CCD using overlapping 
docks has been thoroughly discussed by various authors [3] , 
[4] . Input and output conditions ruitabie for digital opera- 



Fi{. 5. Charse launching smictuie in cross section. 


tion have been less thoroughly discussed, and it may be in 
order to stimmarizc here the following considerations which 
govern the correct manipulation of charge. 

1) Charge Launching: The quantity of charge which is 
launched must be properly controlled; too large a quantity 
causes serious drop in transfer efficiency and resulting errors. 

2J Charge Transfer: In the present device the charge is 
regenerated after at most 32 bits (64 transfers) to minimize 
idling power, so that with proper input charge control the 
transfer losses are very small, with no need for special mea- 
sures such as bias charge (fat zero) operation. 

3) Charge Storage: Low-leakage currents are desired, since 
these determine the allowable storage time and hence, in con- 
junction with th'i number of transfers required to refresh all 
the data, detenrhie the idling power. 

4) Charge Sensing: Ratioless dynamic MOS techiuques are 
preferable, since the transistor which evaluates the state of the 
vnsing node can then be of minimum area, minimizing the 
total node capacitance and providing a satisfactory voltage 
swing for a given small quantity of charge. 

5) Charge Disposal: If the sensing liqde is required to be or 
could incidentally be driven below MOS thrcriiold voltage by 
the transfer of charge, this potential may be lower than the 
surface potential under the last CCD transfer gate. This raises 
the possibility that some charge may run back into the last 
store whe'' this is again clocked high, so degrading the noise 
margin if the last store should in fact be storing a zero level of 
charge. A good way to prevent this is to reset the sensing node 
before the last store is again clocked high. 

D. Charge Lauruthing and Regeneration Circuits 

The structure used for launching and initial transfer is shown 
in Fig. 5. Charge is made available by the source diode So, 
which is held at ground potential at time of launching. A 
launch timing gate Ti is driven from, the auxiliary clock 0s , and 
allows launching while the llrst store is at high level (0i 
clock) but withhi the time that the second store (0- clock) 
and its associated transfer gate Tj are low. This timing restric- 
tion ensures that the amount of charge is controlled only by 
the first store, with no charge being permitted to enter the 
second store until launching has been inhibited by turn off of 
03. Data control gate D is driven from the previous charge 
regeneration stage, and its state during 03 on determines 
whether charge is launched. No prevision was made for a bias 
charge, and this is not needed since the ma.ximum number of 
transfers from launching to regeneration is only 64. 

Since S\ receives an equilibrium charge from the grounded 
source, riiis quantity of charge would be too great to be handli d 
by two-phase clocking of the main CCD shift register elec- 
trodes, if Sj had equal area to the other electrocos. To con- 
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Fig. 6. In-raw chat^a itgenerzdon structure in cross section. 



Fig. 7. End-tow charge regeneration circuit schematic diagram. 


trol the charge to a suitable level, Si was made about 50 per- 
cent smaller in area than the others. As Fig. 5 indicates, the 
source is not held constant at ground potential but is driven 
from clock ^5. The purpose of this is explained below, and is 
not for the purpose of “skimming” the charge in iSi to the 
level set by the barrier ootential under Tj, as is sometimes 
done. Skimming does not occur, because Ti shuts off with ’^3 
before the potential on So rises abvve ground potential. 

The structure used for the in-row regeneration of charge is 
shown in Fig. 6. ^^hen ^ turns off, the last store S«4 dumps 
charge into the sensing node Ns comppsed of sensing diode 
Sq and data control gate D. Earlier dumping than this is pre- 
vented by the barrier potential of the last transfer gate Tis. 
This gate is griven by 0 |, although a dc bias would serve 
equally well. There is no risk that charge may run back from 
Ns into 5(4, becuase Ns is reset to its high potential before 
Sm is again clocked high. 

The dumping of charge onto Ns takes the potential of D 
below threshold prior to ^3 on, thus inhibiting the launching 
of charge into the next CCD section. If, however, no charge is 
dumped into Ns, a full charge is launched into the next CCD 
section, so that in-row regeneration involves logical inversion. 

At the end of t,’ :h row a more powerful amplifier is required, 
capable of driving the metallic return line which is loaded by 
more than 1 -pF capacitance to the clock electrodes, rig- 7 
shows a schematic diagram of the three-transistor circuit which 
performs this function. Its operation is as follows. When ^ 
rises, the internal node Nj is precharged high through Qi , be- 
cause the internal clock <Pis ^ same timing as 0}. {23 is 
conducting, and clamps the data return line to the low level of 
03 . When 0 ; turns off, Qi is shut off and Nj conditionally 
discharges to ground (ipjs low level) providing Qi has not been 
taken below threshold by the transfer of charge into^j. The 
data return line is thus left floating at close to ground potential, 
a.id remains unaffected by the rise of 03 since Qi holds the 
gate of Qi at ground potential. If charge has been transferred 
into Ns,Ni remains diarged, and the rising edge of 03 boot- 



straps node N2 , allowing the data return line to rise to 03 clock 
high level. Because of inversion between nodes andiVj, 
and allowing for the inversion betsveen the data control gate 
and the sensing node of each CCD section, there is an even 
number of six inversions per , row, or twelve inversions around 
each recirculating loop. 

M first sight it might seem that a timing hazard exists, in 
thit N2 could partially discharge while the charge was still 
being transferred onto Sp. This is not the case, because charge 
begins to transfer progressively as 02 falls, and both theoreti- 
cal and experimental studies showed that no erroneous dis- 
charging could occur if <j>2s had 02 amplitude and timing, with 
fall time no shorter than 10 ns. In fact, the fail of <^s 
slightly behind 02 , providing an increased safety margin. This, 
however, is a secondary benefit of using 02^ rather than 02" it- 
self, the main purpose of generating tl>2s being to provide a 
pulse which could be connected to all the source diodes also, 
as shown in Figs. 5 and 6. The advantage of doing this is that 
when 025 turns off it gives the same capacitive kick to the in- 
row sensing nodes as to the end-row sensing no'ies, ensuring 
that they work together over the same range of operating con- 
ditions. The 02 clock could have been used directly, but this 
would have meant that the amount of charge launched would 
have been sensitive to the 02 level, whereas 025 is taken on- 
chip to within a few millivolts of ground during launching. 

Attention was paid to the possibility of clock noise on the 
data return lines, especially because they may be left floating 
low at launching time. However, this is not a problem, be- 
cause the significant clock edges occur while the lines are 
clamped low, except for the falling edge of 02 which gives an 
unimportant small downward kick. Js'o noticeable kicks are 
contributed by 03 , since this clock has quite negligible capaci- 
tance to the data return lines. 

As previously mentioned, the sensing nodes are reset high 
before 02 HIGH. The reset clock 0_ij is generated on-chip, 
using a circuit shown schematically in Fig. 8. Its operation is 
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Fig. 9. Schematic diagram of address decoder, data readout, and stored 
decode circuit for one track. 



as follows. Between the fall of (j>i and the rise of 0a , nodes 
and Ni are low, node Nz is high, and the output (pp^ is 
low. Ni is charged high by the rise of <^ 3 , and remains high 
until the rise of . ^3 remains high during <pi HIGH, and falls 
with <p 3 , causing N 3 to rise, bringing <f>p high with it. Output 
transistors and Q-j provide high conductance paths which 
conduct at different times. 

E. Address Decoding and Data R eadout 

The decoder is a nor gate design, as shown in Fig. 9 for a 
representative memory track. All decoder output nodes such 
as Af/ in Fig. 9 are precharged high during high, and selec- 
tion of the addressed node follows the fall of ^3 , aU unselected 
nodes discharging to ^ low. To minimize power dissipation 
the address inverters have low aspect ratios, and drive the de- 
coder through capacitor-pumped boosters. Tht data output 
bus is precharged high during tpj ON, and conditionally dis- 
charged during ^3 ON by the readout A^ D gate Qi,Qt, and 
Qs of the addressed track, according to the state of the data 
return line. The state of the data output bus during ^3 on is 
communicated to the data output terminal through an ampli- 
fier which is pro^dded with an optional latch. When no data 
access is required (CE low) all significant power drain is 
eliminated from the decoder and readout circuits. 

F. Write Control Circuitry 

Referring to Fig. 10, the data input bus is precharged during 
reset time by clock <pp, and conditionally discharged during 
LOW if the data input terminal is high, and if stored chip 
enable (SCE) is high, i.e., if the need for data transfer was 


Wf 



TIM6 

delay 


Fig. 1 1. Logie diagram for write-strobe clock generator. 

signaled previously by holding CE high during 0s high. The 
states on the decoder output nodes are sampled during 
03 HIGH to provide the stored decode signals iVj/. One of the 
nodes Ngi wiU store a high level, to identify one track for 
writing, and to ensure that this is the same track from which 
readout was obtained during 03 high. The final instruction 
to write made by ensuring that write enable (WE) is high at 
the rime that 0 j falls. This instruction will only take effect if 
SCE is high; if it is, aa internal write-stro’ le clock 0j/ is acti- 
vated, and the state of the input data bus is commu'ucated to 
the input node of the selected track via one of the and gates 
such as is shown in Fig. 10, comprising transistors Qi and Q-. 

The write-suobe clock is generated by a one-shot timing cir- 
cuit, based on a form of digital negative feedback through a 
delay circuit, as shown schematically in Fig. 11. After 03 falls, 
0 jy rises rapidly, to be shut off again as soon as the output of 
the delay network has risen significantly above threshold. 

The input node of each track is also the sensing node of the 
first 1-bit section. If no writing is conducted, the state of the 
sensinr' node is defined only by the transfer of charge from the 
1-bit. However, when writing into the track, the state of the 
sensing node is controlled by the state of the data input bus. 
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Fig. 12. Chip hyout dbgjam, shewing location of principal featmes. 


Fig. 13. Photograph of SK CCD mnniory chip. 


C. Chip Layout conviins peripheral circuits, interconnections, bonding pads. 

Location of the principal circuit features is shown in Fig. 12, and uiused area, arid together these account for 1 .2 milVbit 
and a photograph of the chip is shown in Fig. 13. The overall of the total average area. As is usual in low-threshold n<hannel 
chip dimensions of 178 X 168 mil* result in an average area of MOS circuits, the SK CCD was designed to operate with a 
3.6 mfl*/bit. Of this total, the active memory area accounts negative debiason the substrate relative to MOS ground (P' 55 ), 
for 1.4 mil*/bit, spdee between rows accounts for 0.45 mil */bit, with clock low levels close to This provided the usual 
charge regenerators account for 0^7 mil^Aiit, and the decoder beneficial effects on the MOS circuitry, i.e., a convenient 
accounts for 024 mil*/bit. The peripheral region of the chip working threshold of about 12 V under normal conditions of 
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Fig. 14. Operational range of power supply voltages at room tempeia- 
tBse uirder the data integrity test, at cloclc rates of 10 kHz, 100 kHz, 
and 1 NCHz, For the particular device illustrated the range was the 
same at all three clock raf : s. 
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Fig. 15. Operational range of power supply voltages under data integrity 
test at a clock rate of 1 MHz, for various temperatures from -S5*C to 
♦I'J^C. 


operation, and wider depletion layer thicknesses, re^-ulting in 
reduced nodal capacitances and consequently higher speed. 
However, the effect of substrate bias on the threshold of the 
upper level polysilicon CCD transfer gates is greater than on 
the lower level storage electrodes and MOS gates, as a result of 
the thicker dielectric and consequently greater bulk effect. 
This was taken into account in choosing the dielectric thick- 
ness, so that the proper threshold was obtained under worjcing 
conditions. 

III. Test Results 

Experimental characterization has been conducted over a 
range of conditions, using clock amplitudes from -I'd V to 
+15 V relative to clock rates from 100 Hz to greater than 
2 MHz, and temperatures from -S5*C to 125*C. For most of 
the tests, correct operation was proven at each operating 
poiai, using a “data integrity test” based on the techniques 
which hive been devised for random-access memories. For 
this test, a background of zeros or ones was first written into 
all 8192 storage elements. Then, for each track in turn, a 
angle complementary bit (one or zero) was written into a 
track, ai'd the complete contents of the memory were read 
out and checked for integrity. This complementary bit was 
then removed, before continuing with the next track. The 
background was then reversed to the complementary state, 
and the complete test repeated. An example is shown in 
Fig. 14 of the operating range of clock supply voltage versus 
substrate bias observed on a good device under the data in- 
tegrity test, at clock rates of 10 kHz, 100 kHz, and 1 MHz. 
Another example is shown in Fig. IS, for a Hxed clock sate of 
1 MHz and temperatures from -55®C to t 125*C. At low 
clock rates this test is time consuming, e.g., almost 1 min at 
10 kHz for each operating condition examined, and most 
characterization at frequencies below IvJ .kHz was done using 
less stringent tests. However, good devices have been shown 
to pass the data integrity test at frequencies down to 400 Hz. 
In all the tests reported above, the different dock rates were 
obtained by var>'ing a single parameter, viz., the delay time be- 
tween fail of 1^3 and rise of dj , corresponding to one recom- 





Fig. 15. Waveforms of applied docks and data output, at a clock rate 
of 2 MHz. From top: ^i, <t >3 and data output. Horizontal scale 

200 ns/dW, vertical scale 10 V/dlv. 


mended manner of changing between data access mode and 
idling mode. Correct operation has also been demonstrated 
at clock rates up to 3 MHz, although a practical limit of 1 .5 
MHz is regarded as realistic, allowing for dock timing skews 
and for the economic desirability of driving a number of CCD 
chips from a set of clock drivers. As an example ofhiglier 
speed operation. Fig. 16 is a photograph of the applied dock 
waveforms and output data, at a clock rate of 2 MHz. Under 
the conditions of the photograph, the operating range of clock 
supply voltage for this device was found to cover +8.2 V to 
+12.4 V, at -2-V substrate bias. 

The actual operating window of a device which is. free from 
processing defects is limited by principally three mechanisms. 
One mechanism is that at substrate bias dose to zero the trans- 
fer of a full charge onto a sensing node may not be sufficient 
to bring its potential below threshold of gate D of Fig. 6 , or 
transistor Qi of Fig. 7. A second mechanism is that at high 
(negative) substrate bias the upper polysilicon threshold may 
not be reached at normal 1^3 clock amplitude, (see Fig. 6 ), 
thus preventing the hunching of charge. Figs. 14 and IS 
show the effects of these two mechanisms on all the sensing 
nodes and hunching gates on the particular devices referred to 
in these figures. A third limiting mechanism may occur at a 
combination of high dock amplitude and high (negative) sub- 
strate bias, when the lesulting high surface potential relative 
to substrate at the empty storage locations may cause leakage 
currents, and consequent errors. In good derices at room 
temperature this effect may not be noticed, e.tcept at very low 
dock frequencies. 

It was of interest to examine the device for possible pattern 
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sensitivity, especially its behavior under the extreme condi- 
tioiu of being either compleiely empty or completely full of 
charge at a given instant. Because of the logic inversions at 
each ii 7 row charge regenerator, these conditions are not 
brought about by the memory integrity test as defined above, 
but a close approximation to them was created as follows. The 
“empty" condition was created by gating clock ^3 off for 
more than 32 cycles, so that all registers were completely 
emptied of charge (since the launching of new charges was 
inhibited). The “empty” state corresponds to a stored pattern 
consisting of alternate blocks of “I’s” and “G’s,” the same pat- 
tern existing on every track. During recirculation the logical 
inversions cause the total amount of charge transferred per 
cycle to increase from zero to a maximum, and back to zero 
again, repeating every 64 cycles. The operating range for stor- 
age of such patterns was found to be almost identical to the 
range for the data integrity test, and the same was true for a 
variety of 32-bit and 256-bit test words which were also tried. 

The essential power required to drive the device consists 
mainly of capacitive drive power, which is about 200 mW us- 
ing +12-V clocks at 1-MHz frequency. This power is dissipated 
off-chip, provided the and clock transition times are 
slow compared to the internal time constant of the long poly- 
silicon electrodes, which is estimated^ not exceeding 7 ns. 
This condition is approximately satisfied, since the transition 
times need be no shorter than 30 ns to achieve the maximum 
frequencies, and transition times up to 100 ns may be used. 

The total on-chip dissipation is about 50 mW, using +12-V 
clocks at 1 MHz. About 25 mW of this consists of dc current 
drain in the peripheral data access circuits, and most of the re- 
mainder is dissipated by the resistor Ri in the reset clock 0 ^. 
Because the current drain by is shut off when 0^ is ON, the 
chip dissipation when no data access is required can be mini- 
mized by idling at a low frequenq^ using a timing cycle which 
stretches the duration of ON. For example, at 20 kHz the 
duty cycle of on can easily exceed 98 percent, and the 
power consumption then falls to less than 5 mW at +12tV 
clocks, most of this being capacitive drive power. 

IV. Conclusions 

The basic objective has been achieved of demonstrating that 
a CCD technology couid be combined with MOS logic and sup- 
port circuitry to provide data storage with short latency and 
low standby power. The favorable characteristics of the de- 
vice can be attributed to the choice of a fabrication process 
using double-layer polysilicon plus single-layer aluminum, 
combined with the efficient use of MOS dynamic circuitry of 
low power dissipation. It remains to be seen whether the 
clocking sc.heme cliosen, by which all memory blocks are 
clocked together, and hence no specific refresh cycle is re- 
quired, will be preferred by systems designers over the alterna- 
tive of clocking only the block (or blocks) being accessed. 
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Sheet 1 

DAC 1 

Data Available Control 1 

DAC 1 (MOD) 

DACl (modified) 

GRO / GRl 

Gray code counter bits 

GROL/ GRIL 

Gray code counter bits - latched 

RAM WE PULSE 

RAM write enable pulse 

RAM ADD. Qn 

RAM address bit Qn 

Sheet 2 

RAQn 

RAM Address bit Qn 

DI CCD n 

Data input to CCD n 

Sheet 3 

CE n 

Chip Enable n 

TC trigger 

Timing Chain Trigger 

o 

II 

Virtual Address = 0 

VA = XOO 

Virtual Address = XOO 

0 

x,y 

CCD clock X to bank y 

Sheet 4 

Din 

CCD data input n 

W 

Write 

An 

CCD track addresses 

DOn 

CCD Data output n 
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Specifications for INS4200 RAM 








IMS4200S 

256 BIT CMOS 
Read/Write RAM 


ADVANCE iNFORMATION 

© CMOS- 5-I5V Supply Range 

© Low Power Dissipation 
40 A? W Standby 
26 mW Operating 

O High Speed 

ISOnS Read Cycle 
140nS Write Cycle 

© Static Operation 

© 256 V/ord X 1 Bit 
• Organization 

© Three-State T7L • 

Compatible Output 
© Full Address Decoding 

© Bipolar Compatible Pin- 
Outs 

© 16 Fin Package 

GENERAL DESCRJPTION 

The Inselek INS4200S is a low power 256WX1B 
memory constructed with SOS/CMOS (Silicon-on- 
Sapphire'CompIementary Metal-Oxlde-Semiconductor) 
process. It is fully compatible with other 1NS4000S 
components as well as other CMOS and TTL devices. 
It is intended for use in scratch pad, buffer and main 
memory applications where high speed and low power 
are required. Like Its TTL counterparts, the INS4200S 
can tolerate successive address changes during the 
Read Cycle while the Chip Select remains enabled. 


PIN CONFIGURATION 


AaoRess 1 
Aooaess o 

CMIA SCLSCT f 
aur SELECT 2 
CMir SELECT 3 
oATa cut 
ADDRESS 4 



3 Vbo 

3 At ADDRESS 2 
3 A, ADDRESS 3 
3 Dl DATA IN 
3 WE WRITE ENABLE 
3 Ar ADDRESS 7 
3 A, address S 
SAg ADDRESS S 
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ABSOLUTE MAXIMUM RATINGS 


INS4200S 


Opirating Temperature 

- -55*C to+125’C 

Storage Temperature 

• -6S“C to +1S0*C 

Sup.jty Voltage 

Voo“''ss-+i5V 

Input Voltage 

V.r,-Voo*°Vss 


RECOMMENDED SUPPLY VOLTAGE 
5.0V < VdD -Vss ^ 15-OV 


D.C. CHARACTERISTICS - 0 


symbol 

PARAMETERS 


DESIGN 

OBJECTIVES 

1 

t 

1 TEST 

-55’C 

♦25*C 

* 125*C 

MIN. 

TYP. 

MAX. 

MIN. 

TJP. 

MAX. 

MtN. 

TYP. 

MAX. 

UNITS 

CONDITIONS 


* 



0.01 


0 

0.01 



0X15 

V 

< 

E 

■ 

< 

> 

} 

■ 

in 

< 

'^OL 

Output Low Valtage 
















0.01 


0 

0.01 



ao5 

V 

''in-Vdd-«'' 



4.99 



4.99 

5 


4.95 



V 

''in ■ OV* Vno - 5V 

''oh 

Output High Voltage 










• 




9.99 



9.99 

10 


9.95 



V 

V,j^-OV.Vj,o-10V 



L5 



L5 

225 


L4 



V 

''out 3*5V.Vj,o-5V 

''nl 

Noise Immunity 














3.0 



3.0 

4.9 


2.9 



V 

VOUT 7.0V, Vpj, - tOV 



1.4 



1.5 

2.25 


1.5 



V 

W 1JV.Vpj3-5V 

''nh 

Noisa Immunity 














2.9 



3.0 

4.5 


3.0 



V 

VouT iOV.VoojlOV 


Output Drive 

2.0 



1.6 

2.0 


1.1 



mA 

V0UT-0*5V.Voo-5V 

*OL 

L. 1 ■■■ 

Current 

5.0 



4.0 

5.0 


2.8 



mA 

''out “ 0-5V. Vqo - lOV. 

'oh 

Output Drive 

0.6 



0.5 

2.5 


0.3 



mA 

''out “ 2.5V. Vpo - 5V 


Current 

0.6 



0.5 

2.2 


0.3 



mA 

.''oUT“®-SV.Voo-tOV 

'=1N . 

Input Capaoitanee 



• * 


6.5 

• 




PF 

• 

•*os 

Quiescent Power 





5 

125 




m'm 

VdO ■ 5V. CS, - 5V 


Dissipation (Standby) 





10 

250 




aw 

Vqq - 10V. CS^ - lOV 

^DC 

Operating Power 





10 

20 




mW 

Vjjo - 5V. CS^-CS^-CS^-OV 


Dissipation 





20 

40 




mW 

VoQ-10V.es, -CSj-CS^-OV 


*M«ximum input valtsq* deviation from an ideal lojic “1“ or “O'* level beyond Mhich output chanjet itata. 


SWITCHING CHARACTERISTICS: Vqd^IOV, Vss=0» Ta=25®C, Cl= 15pF 


SYMBOL 

PARAMETERS 

DESIGN C9JECT1VES 

UNITS 

MIN. 

TYP. 

MAX. 

*AC 

Minimum Address te Chip Select Delay 


20 

30 

nS 

*Af 

Access Time: Chip Select to Output Delay 


160 

240 

nS 

•a2* 

Access Time: Address to Output Delay 


ISO 

270 

nS 


Output Recovery Time 


45 

70 

nS 

^CA 

'.Vlinlmuffl Chip Select Removal to Address Delay 


10 

15 

nS 

*AA 

Minimum Address to Address Delay 


140 

225 

nS 

*AW 

Minimum Address to Write Enable Delay 


20 

30 

nS 

*AP 

Time to Complete Write Operation 


40 

60 

nS 

SVA 

Minimum Write Enable Removal to Address Delay 


80 

125 

nS 


*Acee«ad data is valid only when botb and satisfied. 
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APPENDIX E 


Specifications for MH0026 Clock Driver 


Memory/Clock Drivers 


MH0026/MH0026C 5 MHz two 
general description 

Th* MH0026/MH0026C it a low cost monolithic 
high ipMd two phasa MOS dock driver and intar* 
faca circuit. Unique circuit design along with 
advanced processing provide both very high speed 
operation and the ability to drive large capacitive 
loads. The device accepts standard TTL/OTL out- 
puts and converts them to MOS logic levels. It may 
be driven from standard 54/74 series gates and 
flip-flops or from drivers such as the DM8830 or 
OM7440. The MH0026 is intended for applications 
in which the output pulse width is logically con- 
trolled: i.e.. the output pulse width is equal to the 
input pulse width. 

features 

■ Fast rise and fall times— 20 ns with 10C0 pr load 
B High output swing— 20V 
B High output current drive-±1.S amps 
B TTUDTL compatible inputs 
B High rep rate— 5 to 10 MHz depending on load 


connection diagrams 


Metal Can Package Duat*ln>Une Package 



Ordaf Nymber MH0026H Order Number MH0026CsN 
•TMH0026CH See Package 20 

SeePachagtII 


phase MOS clock driver 


B Low power consumption in MOS "0" state— 
2 mW 

B Drives to 0.4V of GND for RAM address drive 


The MH0026 is intended to fulfill a wide variety of 
MOS interface requirements. .Asa MOS clock driver 
for long silicon gate shift registers, a single device 
can drive over 10k bits at 5 MHz. Si:i devices pro- 
vide input address and precharge drive for a 8k by 
16bitMM1103 RAM memory system. Information 
on the correct usage of the MH0026 in these as well 
as other systems Is included in the application sec- 
tion starting on page 5. A thorough understanding 
of its usage will insure optimum performance of the 
device. 

The device is available in 8-tead TO-5. one watt 
copper lead frame 3-pin mini-DIP, and one and a 
half wart TO-8 packajes. 


M*ul Can Paekaa* Plat Packaae 



Order Number MHOOZIG Order Number MH0026F 

orMHOOZeCG orMHOOZSCP 

See Paekate 8 See Packaya 3 
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MH0026/MH0026C 


absolute maximum ratings 

V*— V Differential Voltage 

Input Current 

Inaut Voltage (Vin - V') 

Peak Output Current 
Power Ditiipacion 

Operating Temperature Range MH0026 


MH0026C 


Storage Temperature Range 
Lead Temperature (Soldering, 10 sec) 


22V 
100 mA 
S.5V 
1.SA 
See curves 
-SS^Cto +125’C 

o'cto as*c 

-65°Cto+150*C 

■ aoo’c 


dc electrical characteristics (Notes i& 2) 


PARAMETER 

CONDITIONS 

LIMITS 


MIN 

TYP 

MAX 


Logic ~1“ Input Voltage 

VouT -V* + 1.0V 

2.5 

1.5 


V 

Logie "1" Input Current 

V,„ - V • 2.SV. Voyr • V ♦ 1.0V 


10 

IS 

mA 

Lssgic "0" Input Voltage 

VouT • V* - 1,0V 


0.6 

0.4 

V 

Logic ”0" Input Current 

V,N - V - OV, VouT • V' - 1.0V 


-0,005 

-10 

mA 

Logic "0" Output Voltage 

V* -+5.0V. V- -12.0V 
V,„ --11.S 

4.0 

4.3 


V 

Logic "0" Output Voltage 

V,N - V - 0.4V 

V* - 1,0 

V* -0.7 


V 

Logic **1" Output Voltage 

V* - -rS.OV.V'- -12.0V 
V,N • -9.SV 


-11.5 

-11.0 

V 

Logic "t" Output Voltage 

V,N -V-2.5V 


V>0.5 

V' + 1.0 

V 

"ON" Supply Current 

V* - V' - 20V, V|N - V* ' 2.5V 


30 

40 

mA 

"OFF" Supply Current 

V‘ - V - 20V. V,n - V - O.OV 


10 

100 

UA 

ac electrical characteristics (Notes i & 2 . ac test circuit 

. Ta 25°C) 

■ 

Turn-On Delay (toN) 


5.0 

7.5 

12 

ns 

Turn-Off Delay (Iqpf) 


5.0 

12 

IS 

ns 

Rise lime (i,) - Note 3 

V* - V* • 17V, Cl - 250 pF 


12 


ns 


V* -V- 17V, Cl -SOOpF 


IS 

18 

ns 


Cl - 1000 pF 


20 

35 

ns 

Falltime (t-' - Note 3 

V* -V*- 17V, Cl-250pF 


10 


ns 


V* -V*» 17V, Cl -SOO pF 


12 

16 

ns 


Cl - 1000 pF 


17 

25 

nt 


Not* 1; Thejt ftoecificaiiom «C0ly for V* — V“ ■ lOV to 20V» Ci_ • ICOO pP, over tht ttmperetur# rtnge -55'C to ♦IX5*C 
for the MH0026 md 0*C to for tht MH0026C« unleti oiherwite tpecifitd. 

Nolo 2i All typical values for tna ■ 25* C. 

Nora 3: Ris* end fell time art given for MOS lo^ie itvtis: i.t.. rist ximt is traniistion from logic "0*' to logic *’1 “ ^icn is voltage 
ftIL Set waveforms on the following pages. 


ac test circuit 



switching time 
waveforms 
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MH0026/MH0026C 








typical applications (cent.) 


AC Caupl*d MOS Cteck Driver 


t=o — 1 


s=o — I 


ivmiR»a 

UtUAMHQM 



OC CouplAd RAM Mtmory Addran or ^raehargt 
DfWar {^otifrva Supply Onlyl 



Prveharpa Orivtr for MOS RAM Memorin 
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application information 


t.O Introduction 


Th« UH0026 is cipabla of delivering 30 wetts 
peak sower (1.5 amps at 20V needed to rapidly 
chargn large capacitative loads) while its package is 
limit! d to the watt range. This section describes 
the operation of the circuit and how to obtain 
optimum system performance. If additional design 
information is required, please contact your local 
National field application engineer. 

2.0 Theory of Operation 

Conventional MOS cfock drivers like the MH0013 
and similar devices have relied on the circuit 
configuration in Figure 1. The AC coupling of an 
input pulse allows the device to work over a wide 
range of supplies while the output pulse width 
may be controlled by the time constant - R | X C| . 


-Hh 



FIGURE 1. Canveniientl MOS Oock Driv* 


D} provides 0.7V of dead-zone thus preventing Q| 
and Q] from conducting at the same time. In 
order to drive large capacitive loads, Q| and Qj 
are large geometry devices but C,q now limits 
useful output rise time. A high voltage TTL output 
stage (Figure 21 could be used; however, during 
swi'ching until the stored charge is removed from 
Qi , both output devices conduct at the same time. 
This is familiar in TTL with supply line glitches in 
the i der of 60 to 100 mA. A clock driver built 
this way would introduce 1.S amp spikes into the 
supply lines. 



Unique circuit design and advanced semiconductor 
processing overcome these clasic problems allow- 
ing the high volume manufacture of a device, the 
UH(X}26, that delivers 1.5A peak output currents 
with 2uns rise and fall times into tOOOpF loads. In 


a simplified diagram, Oi (Figure 3] provides 0.7V 
dead zone so that Qj is turned ON for a rising 
input pulse and Q) OFF prior to turning ON a 
few nanoseconds later. □] prevents zenering of the 
emitter-base junction of Qj and provides an initial 
discharge path for tha load via Qj. During a falling 
input, the stored charge in Q3 is used beneficially 
to keep Qj ON thus preventing Qj from conduct- 
ing until Q| is OFF. Q| stored charge is quickly 
discharged by means of common-base transistor 
Qa. 

The complete circuit of the MHC026 (see sche- 
matic on page II basically makes Dariingtons out 
of each of tha transistors in Figure 3. 



FIGURE 3. Sintplifltd MH0026 


When the output of the TTL input element (not 
shown) goes to the logic “1" state, current is 
supplied through C|j,4 to the base of Q| and 
turning them ON. and Q) and Q* OFF when the 
input voltages reaches 0.7V. Initial discharce of 
the load as well as E-3 protection for Qji anu I4 
are provided by 0| and Dj. When the ir.pjt 
voltage reaches about 1.SV, Q« and Qt begin to 
conduct and the load is rapidly discharged by Q*. 
As the input low, the Input side of C,,.^ goes 
negative with mpect to V~ causing Q| and Q« to 
conduct momentarily to assure rapid turn-off of 
Q] and Q7 respectively. When Q, and Qj turn 
OFF, Darlington connected Qj and Qj rapidly 
charge the load toward V** volts. R* assures that 
tha output will reach to within one V^ of the 
V"*" supply. 

The real secret of the device's performance is 
proper selection of transistor geometries and resis- 
tor values so that Q4 and Or do not conduct at 
the same time whilt minimizing delay from input 
to output. 

3.0 Powtr Dissipation Considtrations 

There are four considerations in determining 
power dissipations. 

1. Average DC power 

2. Average AC power 

3. Package and heat sink saieciion 

4. Rtmcmoer-2drivtrs per package 
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application information (cont.) 


Tht loul avtrag* power dissipated by the MH0026 
is the sum of the DC power and AC vansient 
power. The total must be less than given package 
power ratings. 

•‘o.8S-^AC + '’oci*'MAx 

Since the device dissipates only 3mW with output 
voltage high (MOS logic ~0"). the dominating 
factor in average DC power it duty cycle or the 
percent of time in output voltage low state (MOS 
iogic ‘'I"!. Percent of toul power contributed by 
^oc is usually neglible in shift register applications 
where duty cycle is less than 3S%. I^OC dominates 
in RAM address line driver applications where 
duty cycle can exceed SOX. 

3J DC Power (per drive, i 

DC Power is given by: 

Pbc-(V-^-V-)X(I,,^„,)X 
ON time 


I; 


-) 


OFF time-ON time 
or Pq£ ■ (Output Low Power) X (Duty Cycle) 

where: Isclowi * >8 » IV* - V) , 

. Exvnpl* 1: /V* - *5V, V - -12V) 

a) Duty cycle - 35%, therefore 

Ppg - 17V X 40mA X 17/30 X 35% 

Pgg * 145mW worst-case, each side 
Pgc * 109mW typically 

b) Duty cycle “ 5% 

Poc 

c) See graph on page 3 

The above illustrates that for shift register applica- 
tions, the minimum clock width allowable for the 
given type of shift register should be used in order 
to drive the largest number of registen per clock 
driver, 

fttamp/eJ: (V* ^ i-17V,V • CND); 

•I Duty cycle “ 50% 


Pq 5 ■ 318mW typically 
b) Duty cycle ■ 100% 


P^c " 580m W 


Thus for RAM address line applications, package 
type and heat sink technique will limit drive 
capability rather than AC power, 

3.2 AC Transient Power (per driver) 

AC Transient power it given by: 

PAc"<V^-V")*XfXC^ 

where: f “ frequency of operation 

C^ “ Load capacitance (including all 
strays and wiring) 

£xamp/e 3: (V* - *SV. V - -12V) 

P^C - 17 X 17 X f(MHt) X 10* X 
C^(nF) X 10"* 

■ 390mW per MH* per lOOOpF 

Thus at 5MHt, a 10(X)pF load 'will cause any driver 
to dissipate one and one ha'I warts. For long shift 
registers, a driver with the highest package power 
rating will drive the largest number of b>ts for the 
lowest cost per bit. 

3.3 Package Selection 

c 

Power ratings are based on a maximum Junction 
rating of 175*C. The following guidelines are 
n ggested for package selection. Graphs on page 3 
illustrate derating for various operating tempera- 
tures. 

3.31 TO-S ("H") Package: Rated at 600mW still 
air (derate at 4.0mW/'C above 35*CI and 900mW 
with clip on heat sink (derate at 6.0mV//*C above 
35*0. This popular hermetic package is recom- 
mended for small systems. Low cost (about lOC) 
clip-on-heat sink increases driving capability by 
50%. 

3.33 84>in ("N") Molded Mini-OIP: Rated at 
600mW still air (derate at 4.0mW/*C above 35*0 
and 1.0 watt soldered to PC board (derate at 
6.6mW/*CI. Constructed with a special copper 
lead frame, this package it recommended for 
medium tile commercial systems particularly 
where automatic irtsertion is used. (Please note for 
prototype work, that this package it only rated at 
600mW when mounted in a socket and not one 
watt until it is soldered down.) 

3.33 TO-8 ("G") Package: Rated at 1.5 wans 
still air (derate at 10mW/*C above 35*0 and 3.3 
watts with clip on heat sink (Wakefield type 
315-1.9 or equivalant-derate at 15mW/*C). 
Selected for its power handling capability and 
moderate cost, this hermetic package will drive 
very large systems at the lowest cost per bit 
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application information (cont.) 

3.4 Sumnury-Paeiug* Powar Coniidentioni 

Tht maximum capaciuiiv* load that the MH0026 
can drive is thus determined by package type, heat 
sink technique, ambient temperature, AC power 
(which it proportional to frequency and capacitive 
load) and OC power (which is principally deter- 
mined by duty cycle). Combining equations pre- 
viously given, the following formula is valid for 
any clock driver with negligible input power and 
netfigible power in output high state: 

10 "’ 

C|_ Imn in pF) ■ -jj— X 

K lOeIX 10* 

IV'-VI* X X tIMHal 

or: Ct I'M* B*'! ■ 9 X ’O'* ^ 

F„„lmWIXSOO-V,»XDeX I0> 

V,* X 500X *|MMr) 

Where: n “ number of drivers per pkg. (2 for 
the MH0026) 

'’m.,(mw)«TA* “ Package power 

rating in milliwatts for given package, 
heat sink, and max, a.-nbient tempera- 
ture (See graphs) 

R,q n equivalent internal resistance 

R„ * (V^ - V")/lj,,_,^, « 500 ohms (worst 
case over temperature for the MH0C26 or 
660 ohms typically) 

Vj ■ (V"*" - V“) • total supply voltage across 
device 


Oc > Duty Cycle ■ 

Time in output low state 
Time in output low + Time in output hig.h state 

Table I illustrates MH0036 drive capability under 
various system conditio.ns. 

4.0 Pulse Width Central 

The MH002S is intended for applications In which 
the input pulse width sets the output pulse width; 
i.e., the output pulse width is logically controlled 
by the input pulSd. The output pulse width is given 

by: . 

(PW)out“ (PW),N+is^- PW,N+25ns 

Two external input coupling capacitors are re- 
quired to perform tha level translation between 
TTiyOTL and UOS logic levels. Selection of the 
capacitor size is determined by the desired output 
pulse width. Minimum delay and optimum per- 
formance is attained when rhe voltage at the input 
of the MH0026 discharges to just above the 
devices threshold (about 1.SV). If the input is 
allowed to discharge below the threshold, tg^^ 
and tf will, be degraded. The graph on page 3 
shows optimum values for Cut^ vs desired output 
pulse width. The value for C||it may be roughly 
predicted by: 

c,n-(2x 10-’) (Pv;)oyT 

For an output pulse width of SOOns, the optimum 
value for C,^ is: 

C,N - (2 X 10-’)(S00 X 10-’) a lOOOpF 


TABLE 1. Wpnf C«m Maximum Orivt Capability for MH0026* 


FACXAQI TYFC 

TCMWITH 
HEAT SINK 

TO-8 

IBREE AIR 

MINI-OIR 
SOLDERED DOWN 

TO*5 AND MINI-DtP 
ERSE AIR 

Mpx. 

Operptinf 

Frtqucncy 

Max, 

Ambimt 

OutyCydi^ 

stye 

BS'C 

€0*C 

85*C 

80*C 

85*C 

60*C 

B5*C 

lOOhHa 

M 

30 k 

34 k 

18 k 

15 k 

13 k 

10k 

7.5k 

5.8k 

SOQkHi 

m 

6.5)1 

S.lk 

4.1k 

X2k 

X7k 

2k 

I.Sk 

1.1k 

IMHi 

ao% 

3.9k 

2.2k 

1.8k 

1.4k 

1.1k 

640 

«co 

430 

3MHx 


1.4k 

t.lk 

850 

650 

550 

400 

380 

190 

sa«Ht 

2S% 

630 

470 

380 

390 

240 

170 

130 

80 

lOMHl 

2S*& 

380 

220 

170 

130 

110 

79 

- 

- 


VflhgM lA pf tnd boin inm rn ytt «$ nen-oviriMs, 2 da*m Or'wtr: tten t<dt 

pn fr«ay«A<v tAd dytir tvc<« tV* - • 17V For loxdi frraitr man 1200 pF. 

nM And fptl lifttM Mftt ot bv OytOwl Cyrrtnt. sm SwitOn t ** 
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application information (cont.) 


6.0 Rist & Fait Tima Considerations! Note 3) 

The MH0026‘s peak output currant is limitad to 
1.5A. The peak current limitation restricts the 
maximum load capacitance which the devica is 
capable of driving and is given by: 

The risa tima, t,, for various loads may ba 
predicted by; * 

l,-<AVH250X 10-‘* +Cj,) 

Where: AV • The change in voltage across C^ 
a V+ - V 

Cv <* The load capacitance 
For V+ - V - 20V. C,_ - lOOOpF, t, is: 

t,a(20V»(250X 10-'- + 10-'*) 

■ 2Sns 

For small values of C|,, equation above predicts 
optimistic values for tr. The gr.’.ph on page 3 
shows typical risa timet for various ioad capaci- 
tances. I 

The output fall time (see Graph) may be predicted 
by: 

t,a2.2R(Cs -l-C ^1 

+ 1 

6.0 Clock Overshoot j 

The output waveform of the MH0025 can over- 
shoot. The overshoot is due to finite inducb;nce of 
the clock lines. It occurs on the negative going 
edge when Q 7 saturates, and on the positive edge 
when Qj turns OFF as the output goes through 
V*" - V^,. The problem can be eliminated by 
placing a smail series resistor in the ouput of the 
MH0026. The critical valve for R,«2\/L/CR where 
L is the seif-inductance of the clock line. In 


practica, de.armination of a value for L is rather 
difficult. However.R^ is readily determined cmper- 
ically. and values typically range between 10 and 
51 ohms. R, does reduce rise and fall times as 

t,-t,a2.2R.C, 


7.0 Dock Lina Cross Talk 


At the system level.voltage spikes from may ba 
transmitted to dj (and vice-versa) during the 
transition of di to MGS logic "1". The spike is 
due to mutual capacitance between clock lines and 
la, in general, aggravated by long clock lines when 
numerous registers are being driven. Transistors 
Qj and Q« on the pj side of the MH0026 are 
essentially "OFF" when p] is in the MOS logic 
" 0 " state since only micro-amperes are drawn 
from the device. When the spike is coupled to Pj, 
the output has to drop at least 2 V, , before Qs 
and Q 4 come on and pull the output back to V^. 
A simple method for eliminating or minimizing 
this effect is to add bleed resistors between the 
MH0026 outputs and ground causing a current of 
a few milliamps to flow in Q 4 . When a spike is 
coupled to the clock line O 4 is already "ON" with 
a finite h,,. The spike is quickly clamped by Q 4 . 
Values for R depend on layout and the number of 
registers being driven and vary typically between 
2 k and 10 k ohms. - 

&0 Power Supply Decoupling 

Power supply decoupling is a widespread and 
accepted practice. Decoupling of V*" to V“ supply 
lines with a: least 0.1 pF noninductive capacitors 
as close as possible to each MH0026 is strongly 
recommended. This decoupling is necessary 
because otherwise I.S ampere currents flow during 
logic transition in order to rtpidly charge dock 
lines. 
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A 16 384-Bit High-Density CCD Memory 

STANLEY D. ROSENBAUM, CHONG HON CHAN, student member, ieee, 

J. TERRY CAVES, STEWART C. POON, and ROBERT W. WALLACE 


Absiract-A 16 384-bit chaige-couptnl device (CCD) memory has 
been developed for mass storage memory jystem application where 
moderate latency, hi^ data rate and low system cost are required. The 
chip measures only 3.45 X 4.29 mm^ (136 X 169 mil^), (its a standard 
16-pin package, and is organized as four separate shift registers of 4096 
bits, each with its own data input and data output terminals. A two- 
level polysilicon gate n-channel process was used for device fabrication. 
A condensed serial-parallel-serial (CSPS) structure was found to provide 
the highest packing density. Only two external clocks are required 
driving capacitances of 60 pF each at one-half the data transfer rate. 
Operations at data rates of 100 kHz to 10 MHz have been demonstrated 
experimentally, the on-chip power dissipation at 10 MHz being less 
than 20 pW/bit. 


I. Introduction 

T he development of the 16-kbit CCD memory to be 
described here was aimed at filling the gap between the 
short access time of random-access memories (RAM’s) 
and the longer access time of fixed-head disks with a cost- 
effective alternative. For the present device, a fourfold sys- 
tem .t advantage over RAM systems is projected. This, 
however, requires the acceptance of longer access times than 
those already achieved on CCD’s, including block-addressable 
memories [1], [2] and line-addressable memories [3]. These 
designs provide access to relatively small blocks of serial data: 
256, 256, and 128 bits, respectively, while differing in maxi- 
mum data rates, operating power, and system overheads for 
clocking, data transfer and data refreshing. The new 16-kbit 

Manuscript received October 7, 1975. This work was supported in 
part by the Defence Research Board of Canada under its Defence Indus- 
trial Research Program. This paper was presented at the International 
Conference on the Application of Charge-Coupled Devices, San Diego, 
CA. October 29-31,1975. 

The authors are with Bell-Northern Research Limited, Ottawa, Ont., 
Canada. 


device described here achieves a higher packing density by us- 
ing an improved form of serial-parallel-serial organization us- 
ing relatively large arrays of 2048 bits each, two such arrays 
being paralleled for each block of 4096 bits. Despite this 
large block size, the worst case access time is only 410 jus, 
because the device is capable of operating at a data transfer 
rate of 10 MHz. However, this organization requires a larger 
number of clock waveforms, which therefore must be gener- 
ated on-chip in order to minimize the number of external 
connections and to keep the system overheads low. 

II. Organization of CCD Arrays for 
High-Density Storage 

For any given set of geometrical layout rules, serial-parallel- 
serial (SPS) organizations offer high packing density because 
only one sense amplifier is required for a large array, such as 
the 2048-bit array chosen for the present design. This allows 
space for designing the sense amplifier to detect extremely 
small amounts of charge, and the CCD storage electrodes can 
be small, both for this reason and because the electrode di- 
mensions are not limited by any need to pack the sense ampli- 
fier into the repeat spacing of every one or two parallel rows. 
The simplest form of SPS structure is shown in Fig. 1(a). 
Whenever the Af-bit serial input register becomes filled with 
data, a serial-parallel transfer is made into the first stores of 
all the M parallel registers, and a parallel-serial transfer into 
the serial output register occur-s whenever this register becomes 
empty. In the following discussion, it is assumed that these 
transfers can be made rapidly enough so that the serial data 
stream need not be interrupted. If there arc N bits in every 
parallel register, and if the input and output dumps are made 
simultaneously (which is not essential), the total number of 
bits stored is M(N + 1). However, it is unnecessary to provide 
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(») (b) 

Fig. 1. Schematic diagram of the SPS structures for two-phase CCD’s, 
(a) Standard, (b) Interlaced. 

Storage for as many as M bits in each of the serial registen; 
for example, a two-phase register contains two stores per bit, 
so that an A//2-bit register contains one store for every parallel 
register. An interlaced structure as shown in Fig. 1(b), having 
input and output serial registers of only Ml2 bits each, permits 
a significantly smaller repeat spacing of the parallel registers, 
which otherwise would be limited by that of the serial regis- 
ters. The first storage locations of all the parallel registers can 
then be loaded with data by two successive dumps from the 
input register, one dump being made from the <f>i stores, and 
the second dump being made from the (j >2 stores after the in- 
put register has been refilled. A corresponding procedure can 
be followed for the output dumps. 

After minimizing the repeat spacing of the parallel registers, 
the next step in achieving highest packing density (again for a 
given set of .layout rules) is to minimize the repeat spacing 
along the parallel registers. A two-phase structure requires 
two storage locations per bit, biit the density can be increased 
by almost a factor of two by using the “electrode-per-bit” 
(E/B) organization, in which a serial string of n bits can oc- 
cupy adjacent storage locations [4] . The bits are transferred 
one at a time in sequence, making use of an extra, vacant loca- 
tion which therefore “travels” in the opposite direction to 
that of transfer. The relative area per bit is then represented 
by a factor (n + 1)1 n, compared to a factor 2 for ordinary 
two-phase using the same layout geometries. The n 4 1 
storage electrodes require individually timed clock waveforms 
or “ripple clocks,” each of which must have fast edges, be- 
cause the individual transfers must take place one at a time, 
within a fraction l/(n + 1) of the transfer period for the com- 
plete string. Each of the n t- 1 transfer electrodes may be 
driven from the same dock as is applied to the following ad- 
jacent storage electrode, as is done in ordinary two-phase 
clocking. In practice, the charge-handling capability can be 
approximately doubled by using separate docking of the 
transfer electrodes, making a total of 2(/t + 1) clocks, because 
this enaoles the use of “full-bucket” charge storage and 
transfer, increasing the amount of charge reaching the sense 
amplifier, with resulting increase in noise margins. 

Because of the need for a hi^ net rate of data transfer, the 
ripple dock organization is best suited to a structure with 
parallel-multiplexed paths, where the parallel transfer rate is 
only a fraction IIM of the incoming data rate. This has been 
called the “multiplexed electrode-per-bit” organization {MEfB) 
[4] and is particularly well-suited to being adapted to the SPS 
type of multiplexed structure. However, another problem is 
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VALUES OF n 

Fig. 2. Relative area per bit versus the number of adjacent bits, in a 

string It. 

the difficulty of providing a sequence of n 4 1 clocks on suc- 
cessive locations. It could be done by routing a single high- 
speed clock to each location in turn by using a decoder or ring- 
counter circuit, but the geometrical layout of this drcuitry 
may actually require a larger repeat spadng than the CCD 
electrodes. This “pitch limitation” problem is comparable 
to that which limits the packing density in RAM’s. The 
difficulty can be avoided by adapting the tipple clock prin- 
ciple to short data strings, requiring only a small number of 
dock waveforms which can be distributed along buses. The 
clock waveforms also become easier to generate, because 
more time is available for each individual transfer, and 
therefore fast edges are not required. Although the packing 
density factor (n + l)/n is less favorable -vhen a small value of 
n is chosen, this disadvantage is more than outweiglied by the 
advantage of being able to retain the same closely packed 
electrode structure as for ordinary two-phase clocking. As Fig. 
2 illustrates, the area advantage obtained by increasing the 
value of n is relatively small for values of n greater than three, 
while the area occupied by dock drivers and distribution buses 
increases linearly with n. The total area reaches a minimum 
for quite small values of n, the actual position of the mini- 
mum depending in a complicated way on geometrical layout 
considerations. The dotted curve showing total area in Fig. 2 
has been drawn by hindsight, using area parameters obtained 
on the 16 kbit chip, and extrapolated to other values of n. 

The combination of an interlaced serial-parallel-serial organi- 
zation with a ripple<lock schem.e characterized by small values 
ofn provides a high density of storage, and will be referred to 
here as “condensed serial-parallel-serial” or CSPS organiza- 
tion. The factor n + 1 will be referred to as the ripple spacing. 

The choice of CSPS as the optimum organization for CCD 
memories is only justified if the array size is sufficiently large, 
otherwise the area occupied by the serial registers and sense 
amplifiers, and ti'e power they consume, become dispropor- 
tionately large. F.g. 3 illustrates tlte relationship between ar- 
ray size and average area per bit, for CSPS arrays having the 
same ripple spacing and multiplexing factors, cell dimensions, 
sense amplifier, and input and output buffers as used in the 
16-kbit CCD. The averaging takes into account the areas oc- 
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Fig. 3. Average area per bit versus the array size for CSPS structures 


with Af = 32 and n = 3. 



ARRAY SIZE (BITSI 

Fig. 4. Average power consumption and maximum access time as a 
function of array size for CSPS structures with Af ^ 32 and n = 3. 

cupied by the above circuit features, but does not include the 
area occupied by the clock drivers, clock distribution buses, 
and other support circuitry, since these facilities can be shared 
by a number of arrays and therefore do not greatly influence 
the choice of size for each individual array. Fig. 4 illustrates 
the corresponding effect of anay size on average power con- 
sumption per bit. Once again, the contribution made by the 
shared support circuitry is net included. It may be seen that 
the CPS orgaitization is more favorable for larger arrays, 
containing at least 1 kbit each. 

III. Optimization of Memory Chip 
Considerations such as those illustrated in Figs. 2, 3, and 4 
led to the selection of a CSPS organization having the particu- 
lar value n = 3 for the number of adjacent bits in each string, 
taking into account the area efficiency factor (n+ l)//i, and 
tiie need to avoid undue complexity and area n the clock 
generator circuitry and clock distribution buses. In the geo- 
metrical layout which was chosen, the area of each storage 
location is 278 (0.43 mil^), including the area of the 

associated transfer gate and isolation between adjacent p?rallel 


12 pm (REPEAT DISTANCE) 



Fig. 5. Layout of the storage and transfer electrodes in the , itallel ar- 
ray of the CSPS structure, (a) Plan view, (b) Cross section. 

rows, as illastrated in Fig. 5. Allowing for the factor (n + l)/n = 
4/3, the effective area occupied by each bit stored in the 
parallel part of the array is 368 fjm^ (0.57 mil*). In order to 
increase the charge-handling capability of the array, and so to 
broaden the operating margins at the sense amplifier, the op- 
tion previously discussed of clocking the storage and transfer 
electrodes with different waveforms was adopted. This re- 
quired the generation of eight clocks, rather than four for 
the main parallel array. A multiplexing factor M=32 was 
chosen, providing 32 parallel registers for each array. Since 
two arrays are paralleled to make up each block, the effective 
multiplexing factor is 64 relative to the external data stream, 
so that at a data rate of 10 MHz the parallel clock frequency 
is only 156 kHz. Providing two paralleled arrays is consider- 
ably more favorable Chan providing a single array with 64 
parallel paths and the same overall block size, since the num- 
ber of serial transfers experienced by each bit is halved, and 
the serial transfer frequency is also halved. An array size of 
2048 bits was chosen, providing an average area per bit of 
419 pm* (0,65 mil*) for each CCD array, equivalent to 516 
pm* (0.8 mil*)/bit when the array support circuitiy is in- 
cluded, as assumed in Fig. 3. Only a small advantage in area 
per bit and power per bit would have been achieved by choos- 
ing a larger array size than 2048 bits, while the access time 
would have lengthened in proportion. However, another 
reason for this choice was that it led to a quad-4-kbit configu- 
ration on the 16-kbit chip, which was convenient since a 
standard 16-pir package provides enougli pins to permit indi- 
vidual input and output connections to each block, in addi- 
tion to those required for the dc power rails, two external 
clocks, and two control inputs. 

A third consideration was associated with leakage currents 
and the corresponding maximum refresh time of a CCD. 
Since present-day 4-kbit dynamic MOS RAM’s are being 
manufactured to meet a specified refresh time of 2 ms at 
temperatures up to 70“C, the same considerations apply to 
CCD’s, because the leakage currents have the same physical 
cause. A refresh time of 2 ms would indicate a minimum 
working data rate of 2 MHz, which is far enough removed 
from the maximum of 10 MHz to provide a flexitle speed 
range. In practice a lower data rate than 2 MHz should be 
practicable, because the maximum storage time is determined 
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Fig. 6. Block diagram of one 4096 bit shift register on the 16-kbit chip. 


by the average leakage current of many storage locations, 
rather than being limited by the highest leakage location, as 
in the case of RAM’'.. 

The use of a CSFS structure greatly reduces the undesirable 
effects of transfer inefficiency, compared to a conventional 
SPS structure storing the same number of bits. Whereas a 
conventional two-phase SPS array of 2-kbit size and having 
32 parallel paths would subject each charge packet to approxi- 
mately 66 high-speed transfers and approximately 126 low- 
speed transfers, the corresponding approximate figures for a 
CSPS array (assuming n = 3) would be only 34 high-speed 
transfers and 84 low-speed transfers. The benefits of parallel- 
ing two arrays could, of coarse be obtained in either case. 
The actual numbers of transfers for each charge packet in the 
16-kbit chip are 37 high-speed transfers and 84 low-speed 
transfers, for the following reasons. In addition to the regular 
serial shifts and serial-parallel and parallel-serial shifts, there 
are several ex'ja high-speed transfers. One extra transfer re- 
sults from a preliminary storage electrode, used for defining 
the amount of charge launched. Another simplifies the 
paralleling of the two arrays for every block: an extra storage 
electrode is placed before one of the two CSPS arrays, while 
an extra storage electrode is placed after the other array. In 
this way, the two arrays accept data from the input buffer in 
opposite phases, while being clocked together by common 
clock waveforms. Another extra transfer is used in conveying 
charge from the CSPS array to the input node of the sense 
amplifier. Preliminary experiments showed that the 2-kbit 
CSPS array could transmit data at clock rates up to 4 MHz 
without use of a bias charge and with adequate operating mar- 
gins. However, to achieve satisfactory margins at 5 MHz 
clock rate (10 MHz on the 16K chip) a bias charge (fat zero) 
of between 10 and 30 percent was found to be helpful. 

Fig. 6 shows the organization of one 4-kbit block of mem- 
ory, including the bit delays associated with the extra transfers. 
Each transfer causes a delay of one data bit, which is one half 
of the clock period. The extra bit delay which follows each 
sense amplifier is discussed in the next section. Despite the 
extra bit delays, and the complication resulting from the 
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Fig. 7. Block schematic diagram of on<hip clock generation circuitry. 


two-phase interlacing of the serial-parallel transfers, the total 
number of bits stored in the block at any time has been set at 
4096 by proper timing of parallel-serial transfers relative to 
the timing of the serial-parallel transfers. 

IV. Support Circuitry 

A block schematic diagram of the on-chip clock generation 
circuitry is shown in Fig. 7. The external clocks drive a 
divide-two counter, which in turn generates a set of four- 
phase clocks for operating tlie internal circuitry. A divide-4 
circuit and feedback logic provide an impulse at the parallel 
clock rate into a 33-stage timing chain, which in turn provides 
impulses at the proper times to each of the clock waveform 
generators. Because of the three feedback tappings on the tim- 
ing chain, the divide-4 circuit actually functions as a divide-16 
counter. Each clock generator can be represented as a set/ 
reset flip-flop, which is set by an impulse from one point jn 
the timing chain, and reset from another point. Those clock 
generators which operate on the main parallel arrays must 
drive high capacitances, but are not required to switch at 
high speed. The clock generators which are associated with 
transfers into and out of the serial registers drive only small 
capacitances, but must generate fast edges to synchronize with 
the serial transfer processes. Therefore, the MOS transistors 
employed in the output driver of each clock generator are all 
of comparable size, with channel breadth about 30 times the 
channel length. These provide more tlian adequate driving 
capability for the 16-kbit memory. The counters, timing 
chain, and clock generators have been designed to clear rapidly 
any illegal states r'hich might be picked up as a result of ex- 
ternal clock irregularities. The circuitry also recognizes a 
“start-up mode” whenever dc power is applied while both ex- 
ternal clocks .-'e low, • .ch does not occur during normal 
operation. Following recognition of the start up mode, the 
internal clocks will commence with predictable phases reia- 
ti’-c to the first tum-on of either of the external clocks, and 
input data can be supplied within 43 or 45 clock cycles, de- 
pending on which external clock turns on first. 

The data input buffer was designed to accept the incoming 
data at TTL levels and to supply the CCD input with the ap- 
propriate MOS levels. For a high-level input state, the buffer 
generates an intermediate voltage level on the CCD input gate 
to launch a “fat zero” charge of approximately 20-30 percent 
of a full bucket into the CSPS array. Conversely, for a low 
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Fig. 8. Sense amplifier for the CSPS array, (a) Circuit schematic, 
(b) Gock and signal waveforms (from computer simulation). 

level input state a high-level voltage is supplied to the CCD in- 
put and a full bucket of charge is launched. Locally generated 
01 and 02 pulses were used at the CCD inputs to provide 
two-way data splitting. 

The sense amplifier at the output of each 2-kbit array is a 
differential-input flip-flop, which differs, however, from the 
sense amplifiers commonly used in MOS RAM’s [5] , for the 
following reasons. In the RAM flip-flops, the refresh opera- 
tion is achieved by positive feedback to the input nodes, one 
input being raised high, and the other being brought down al- 
most to potential. To bring either input node to ^ss 
would cause errors in the present device, since the node could 
act as a source, allowing charge to run back into the last stor- 
age location of the CCD. This problem is inherent in two- 
phase CCD’s [1]. To avoid this problem, a “load-steered” 
flip-flop was developed, as shown in Fig. 8 , whose operation 
is as follows. The data node and reference no&e are pre- 
charged high during 0 i clock high level, then 0 | turns off, 
dumping the data charge packet and the reference charge 
packet onto their respective nodes. Almost simultaneously, 
internal clock 0 i turns on, bootstrapping the input nodes to 
relatively high potentials. Depending on the state of the data, 
one load element passes more current than the other, and by 
positive feedback on the driving elements the flip-flop is driven 
into one of its two states. From computer simulation it was 
found that for a differential input of 0.5 V the realization 
time of the flip-flop connected to its load capacitance was 
approximately 30 ns, limited by the rise time of clock 0 i 
[Fig. 8 (b)] . To achieve such high speed it was necessary to 
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Fig. 9. Operating waveforms and timing diagram of the memory device. 


avoid loading the flip-flop with excessive capacitance. This 
was achieved by using dynamic MGS principles in designing 
the data output buffer. Functionally, this involved storing 
the output state of the flip-flop, and driving the output buffer 
during the following bit time. This also reduced the effective 
propagation delay between the clock transition and the ap- 
peaiance of valid data at the output terminal to the delay of 
the output buffer aiu.re, so that the operating frequency was 
not limited by the output circuitry. The tristate output buffer 
was designed to drive at least one low power Schottky TTL 
gate. Individual 2-kbit CSPS arrays using this sense amplifier 
and output buffer were successfully operated at a speed of 
greater than 7 MHz, which would be equivalent to a data rate 
of 14 MHz on the 16K chip. 

Two control inputs, chip select (CS) and write enable 
(WF), and associated circuitry were provided, designed for op- 
eration up to 10-MHz data rate in three functional modes: 
recirculate, (CS high), read a^ recirculate (CS 
low, WS high), READ and write low, WE low). In 
READ and WRITE mode, the 4-kbit blocks function as digital 
delay lines, which may be serially interconnected to form larger 
blocks with no penalty in maximum data rate. It was con- 
sidered to be important that chip select would operate 
from ordinary 5-V TTL signals, since these signals must be gen- 
erated individually for all the memory devices which are or 
tied to common data buses, write enable requires a full 
clock level, but this is not a serious disadvantage because this 
signal can be supplied to a group of devices from a common 
driver. 

Fig. 9 shows the timing diagram of the operating waveforms 
of the 16-kbit memory. Only two higli level clocks ( 0 i, 
02 ) and a high level WE control input are needed, all data in- 
puts, data outputs and CS control input are TTL levels. 

V. Ch»p Layout 

The timing chain and clock generators which were common 
to all four memory blocks were distributed along the center 
axis of the chip, since this was found to minimize the area re- 
quired by interconnections. The resulting layout shown in 
Fig. 10. The four data input buffers were located along the 
central region also, so that the sense amplifiers, output buffers, 
and local dock generators could be situated along the two 
longer sides of the chip. The input/output control circuits 
were placed along the shorter sides, as were all the bonding 
pads for external connections, since this provided a rectangular 
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Fig. 10. Chip layout diagiam of the 16 384-bit CCD memory. 



Fig. 11. PhotomicTOgiaph of the 16-kbit chip. 

chip format which was more economical in total area, and also 
more suited to being fitted into a standard 16-pin dual-in-line 
package. The overall dimensions of the chip are 3.45 mm 
(136 mils) by 4.29 mm (169 mils), the average area per bit of 
storage being 900 jum* (1-4 mil*). Comparing this figure with 
the 516 #im* (0.8 mil*)/bit occupied by the CSPS arrays and 
local support circuits alone, it can be seen that the common 
circuit overheads increase the area per bit by a considerable 
amount, although the area per bit is still very attractive com- 
pared to MOS 4-kbit RAM’s which typically occupy a chip of 
the same size. 

VI. Experimental Verification 
The 16-kbit CCD memory was designed and fabricated using 
a two-level polysilicon gate n-channel process [6] . A photo- 
micrograph of the finished device is shown in Fig. 11. 
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Fig. 12. Typical waveforms of the docks and data. Top two traces: 
01 and 03 , 10 V/div. Bottom two traces: data input and data output, 
5 V/div. Time scale; 200 ns/div. 



Vgg IVOtTI 

Fig. 13. Typical operating range of the supply voltages at a data rate of 

10 MHz. 



Fig. 14. Cock waveforms as observed on 16-kbit chip. Top two 
traces: external clocks 0 i and 0 j. Bottom two traces: examples of 
internally-generated doclu: upper trace shows one of the four low 
speed clocks which drive the storage electrodes of the parallel array; 
lower trace shows the high speed serial-parallel strobe pulse. All 
traces 10 V/div, 5 Ms/div. 

For most purposes of testing for data throughput, the input 
data were set up to fill the parallel arrays with diagonal patterns 
of isolated one’s in a background of zero’s, and then inverted 
to replace this by a pattern of isolated zero’s in a background 
of one’s. These patterns were generated by setting a one in 
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a background of zero’s, repeating the one every 66 bits for 
a total of 4096 bits, and then generating the complementary 
sequence for another 4096 bits. The output data were veri- 
fied by comparison with a repeat of the input test data. 

It was found that these patterns were effective for most pur- 
poses, and especially for measuring the operating margins of 
the device at high frequencies, because the effects of charge 
transfer inefficiency a;e especially pronounced for isolated 
one’s or isolated zero’s. An example of the input and out- 
put data waveforms at a data frequency of 10 MHz is shown in 
Fig. 1 2. Diagonal test patterns do not show up clearly on the 
monitoring oscilloscope, and therefore a nondiagonal test pat- 
tern was used to make this photograph. Fig. 1 3 shows an ex- 
ample of the operating range of dc and clock supply voltages, 
also at a data frequency of 10 MHz. Two examples of the 
internally -generated clock waveforms are shown in Fig. 14, 
together with the two external clocks 0i , 0j for compari- 
son, the external clock frequency being 5 MHz. One example 
shows one of the low-speed clocks applied to storage elec- 
trodes in the parallel array, running at the parallel transfer 
frequency of 156 kHz. The uneven amplitude of the clock 
high level is caused by capacitive coupling with adjacent 
electrodes, and is not a defect. The second example shows a 
strobe clock, used to enable the serial-parallel transfers. This 
clock produces two pulses at the parallel transfer frequency, 
one pulse having (pt timing, and the other having <pi timing, as 
required for the two-phase interlacing. 

The principal contribution to operating power is the current 
drain from the positive dc supply, (Vdd 1° ^ss)< 

MHz this amounts to almost 300 mW at a + 12 V supply, about 
18 fiV/ per bit. Half of this power is dissipated in the output 
buffers and sense amplifiers, for high speed sensing and to pro- 
vide TTL compatible outputs. The other half of the power is 
dissipated equally among 1) the data input buffers with local 
clock inverters, 2) the CS inverters for I/O control, and 3) 
the on-chip clock generation circuits. It is evident that a fair 
proportion of the power is dissipated to achieve TTL com- 
patibility. Notice that only a fraction (1/6) of the total 
power is needed to generate all the necessary waveforms to 
drive the CSPS arrays. 

A smaller contribution of 60 mW is dissipated in the external 
clock drivers, resulting in a total operating power of approxi- 
mately 22 fiW per bit at 10 MHz. By monitoring the transient 
current drain for the dc power supply, it was verified that the 
major current drain occurs during <t>i - clock overlap, and 
overall drain is therefore reduced greatly by reducing the over- 
lap to between 10 and 20 ns, which is readily achieved using 
ordinary circuit techniques. At low frequencies the overall 
drain is reduced, since the clock overlaps occupy a smaller 
fraction of the total cycle, and the remaining power drain is 
largely caused by the eight sense amplifiers. 

VII. Conclusions 

This work has demonstrated the practical realization of a 
16 384-bit CCD memory on a silicon chip which is small 
enough for high yield, low cost manufacturing by present-day 


techniques, and suitable for applications requiring low overall 
system cost per bit of storage. The result was made possible 
by the introduction of a condensed serial-parallel-serial organi- 
zation as a way to achieve optimum packing density, taking 
into account the practical problems of peripheral pitch limita- 
tions, and the need to generate the clock waveforms on-chip 
by circuit y of small total area. Although many improvements 
of detail can still be made to the design, to reduce chip size and 
power drain still further, the device as described should be a 
suitable candidate for filling the “access gap” in memory tech- 
nologies. In addition, extension of the CSPS concept to 
memory chips of at least 64 kbits can be readily predicted, 
making use of new developments in processing technology 
which are already being applied to the development of other 
MOS and CCD structures. 
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N-CHANNEL CCD 16K BIT (A096 x A) 
RECIRCULATING SERIAL MEMORY CC16M1 


FEATURES 

- N~Channel 2-Level Silicon Gate Fabrication 

- Organized for Mass Memory (Silicon Disk) Applications 

- TTL Compatible Inputs/Outputs 

- ±5V, +12V Power Supplies 

- Low Power Dissipation, <20yW/bit at Max. Data Rate 

- Two Overlapping Clocks at Half Data Rate 

- Clock Capacitances 60pF 

- All Other Clocks Generated on-Chip. 

- Data Rate from 1 to 10 Megabits /sec. 

- Tri-state Outputs 

- Separate CHIP SELECT and WRITE ENABLE Inputs 

- Configuration - Quad 4096 Bit 

DESCRIPTION 

The CC16M1 is a 16K bit CCD memory, organized as four shift registers of 4096 
bits each with separate inputs and tri-state outputs. Each input data stream 
is split into two serial-parallel-serial memory arrays of 2048 bits each, 
providing high-density storage. Data access is controlled by CHIP SELECT 
(CS) and WRITE ENABLE (WE) Inputs. When CS is high, the outputs are held 
in the off (high impedance) state*. Output data from all four shift registers 
become available at the output terminals whenever CS is held low. Writing 
into all four shift registers occurs whenever both CS and WE are turned low; 
for all other conditions of CS and WE, data in all four shift registers 
recirculates automatically. The input or output data terminals or WE 
terminals of different packages may be OR-tied together. 

The CC16M1 generates several internal clocks, to operate the memory arrays. 
Following any interruption of power supplies or clocks, a minimum of 43 
clock cycles should be allowed to elapse before any data is written into 
the device. 

* Except during 0^ - 0^ overlap, when DATA OUTPUT = DATA INPUT 
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N-CHANNEL CCD 16K BIT (A096 x 4) 
RECIRCULATING SERIAL MEMORY CC16M1 


CC16M1 



PIN NAMES 


DIj^, DI2, DI3, DI^ 

DATA INPUTS 

DOj^, DO2, DO3, DO^ 

DATA OUTPUTS 

01. 01 

CCD CLOCK INPUTS 


CHIP SELECT INPUT 

WE 

WRITE ENABLE INPUT 

^DD' '^BB* 

POWER SUPPLIES 


ABSOLUTE MAXIMUM RATINGS* 

Temperature Under Bias ----- - - - 0°C to + 70°C 

Storage Temperature ------ - - - -65°C to + 150°C 

Voltages on Any or All Terminals 

with Respect to - - - -0.3V to + 25V 

DD 

Power Dissipation ---------- l.OW 

it 

stresses above the Absolute Maximum Ratings may cause 
permanent damage to the device. 
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N-CHANNEL CCD 16K BIT (A096 x 4) 
RECIRCULATING SERIAL MEMORY CC16M1 


D.C. OPERATING CHARACTERISTICS 


« 0°C to + 70°C, V = +5V + 5% 

ambient 


PARAMETERS 


MIN. I TYP. I MAX. 


TEST CONDITIONS 


Power Supply (DC) 
Power Supply (DC) 


12 13 
-5 -4 


see operating 
range chart 


02 Input 
High Voltage 

0^, 02 Input 

Low Voltage 


V -2 
DD 


-1 


-0.3 0.2 0.8 


Data Input High Voltage 1 3.0 

I . 

Data Input Low Voltage ! -0.3 


3.5 Vpjj+2 V 
0.2 0.8 V 


CS High Voltage 
CS Low Voltage 


-0.3 


3.5 IVjjjj + 2 V 

\ 

0.2 ! 0.8 V 


WE High Voltage 
TO Low Voltage 


V - 2 
DD 


V V + 2 V 
DD ; DD 


-0.3 0.2 0.8 


Data Output High Voltage 2.4 

Data Output Low Voltage 0 


Standby V^^^ Supply 

Current 


Average V^^^ Supply 

Current 


Average V Supply 

Current 


0.2 i 0.8 


22 mA 
16 mA 


27 mA 


2.8 mA 


CS Low, One LS 
TTL Load per 
Output 

^ Hign,10 MHz 
^ High, 1 MHz 
^ Low, 10 MHz 


CS Low, One LS TTL 
Load per Output at 
10 MHz 


Average V^^ Supply 


Current 


100 uA 


V = -5V 
BB 
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N-CHANNEL CCD 16K BIT (^096 x A) 
RECIRCULATING SERIAL fCMORY CC16M1 


SYMBOL 

PAEAMETERS 

LIMITS 

UNIT 

TEST CONDITIONS 

MIN, 

TYP. 

MAX. 

^0H 

0j^, 02 High Current 



1.25 

mA 


^0L 

0j^, 02 Low Current 



50 

pA 


"iH 

Data Input High Current 



10 

UA 


^IL 

Data Input Low Current 



10 

pA 


^SH 

CS High Current 

j 



10 

yA 


^SL 

CS Low Current 


2 

* 

5 

mA 

''to " ^'dd - 


WE High Current 



10 

pA 



WE Low Current 



10 

pA 


^OH 

Output High Current 



10. 

pA 

. ^OE - ^^CC' ^ 

^OL 

Output Low Current 

0.4 



mA 

VoL = 0.4V, CS Low 


Maximum Current Sink occurs during t^, the Overlap time between 0^^ and 02 . 
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PRELIMINARY SPECIFICATIONS 
N-CHANNEL CCD 16K BIT (A096 x 4) 
RECIRCULATING SERIAL MEMORY CC16M1 

A.C. CHARACTERISTIC 


T^ - +25°C, - +5V+5%, Vgg - -5V+5%. - +12V+5%. Vgg 


SYMBOL 

PARAMETERS 

LIMITS 

UNIT 

MIN. 

TYP. 

MAX. 

"h 

Clock High Time 

120 

1 

1000 

ns 


Clock Low Time 

60 


940 

ns 

"o 

Clocks Overlap Time 

20 


100 

ns 

^HL 

Clock High to Low Transition Time 

10 

20 

100 

ns 

^LH 

Clock Low to High Transition Time 

10 

20 

100 

ns 

"c 

[ 

Cycle Time 

200 


2000 

ns 

*^si 

Input Setup Time 

30 



ns 


Input Hold Time 

0 

15 


ns 


CS, WE Setup Time 

15 



ns 

*Tis 

CS, WE Hold Time 

0 

5 

1 

ns 

"d 

Output Delay Time 



30 

ns 


Output Valid Time 

30 


j 

ns 

$ 


CAPACITANCES* 


^A “ 25°C, = +5V ± 5%. Vgg = -5 ± 5%. = +12V ± 5%. V^g - OV 


SYMBOL 

PARAMETER 

NOMINAL 

LIMIT 

UNIT 

CONDITIONS 

^INl 

Input Capacitance 

6 

pF 

CS Low, WE Low 

^1N2 

Input Capacitance 

4 

pF 

All other Condi 

SuTl 

Output Capacitance 

8 

pF 

CS Low 

^0UT2 

Output Capacitance 

3 

pF 

CS High 


Clock (0j^, Capacitance 

60 

pF 


Si 2 

01 to 02 Capacitance 

8 

pF 


s 

CS Capacitance 

8 

pF 


s 

WE Capacitance 

6 

pF 


















